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ABSTRACT	  	  	   The	   rotation	   angle	   between	   the	   proximal	   and	   distal	   axes	   of	   long	   bones	   is	  known	  as	  torsion,	  and	  it	  is	  thought	  to	  be	  indicative	  of	  the	  forces	  applied	  to	  the	  bone	  during	  growth.	  	  The	  humerus,	  for	  example,	  develops	  an	  internal	  twist	  or	  antetorsion,	  as	   daily	   activities	   are	   anterior	   to	   the	   body.	   	   However,	   the	   strong	   posterior	   stress	  induced	   by	   an	   overhead	   throwing	   motion	   may	   counteract	   this	   internal	   twist	   in	  young	  athletes	  and	  cause	  prominent	  bilateral	  dimorphism.	  	   To	   measure	   torsion	   in	   these	   young	   athletes,	   a	   new	   technique	   using	  ultrasound	   has	   been	   developed	   and	   implemented	   in	   clinical	   practice.	   	   However,	  before	   widespread	   use	   in	   diverse	   populations,	   the	   technique	   must	   be	   validated	  against	  the	  existing	  benchmark	  based	  on	  computed	  tomography	  (CT)	  images.	  	   The	  purpose	  of	  this	  thesis	  is	  to	  evaluate	  the	  validity,	  reliability,	  and	  precision	  of	   the	   novel	   ultrasound	   technique	   compared	   to	   CT	   in	   the	   assessment	   of	   humeral	  torsion,	  evaluating.	  	  This	  thesis	  first	  developed	  a	  standard	  CT	  measurement	  protocol	  that	  implements	  a	  quantitative	  method	  for	  selecting	  optimal	  CT	  images	  for	  analysis.	  	  The	   standard	   protocol	   showed	   significant	   improvement	   in	   precision	   when	  compared	   to	   a	   qualitative	   control	   method.	   	   The	   standard	   CT	   protocol	   and	   the	  ultrasound	   technique	   demonstrated	   above	   average	   intra	   and	   interobserver	  reliability	   and	  precision.	   	  When	  applied	   to	   shoulders	  without	   evidence	  of	   bone	  or	  joint	  pathology,	  was	  able	   to	  predict	  humeral	   torsion	  angles	  compared	   to	   the	   “gold	  standard”	   CT	   method	   within	   5°,	   which	   suggests	   that	   the	   ultrasound	   method	   is	   a	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good	  predictor	  of	  humeral	  morphology.	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CHAPTER	  ONE:	  PURPOSE	  AND	  AIMS	  	  	   Bone	   morphology	   is	   a	   direct	   result	   of	   the	   stress	   applied	   to	   the	   bone,	  especially	   during	   periods	   of	   bone	   growth	   and	   can	   have	   serious	   repercussions	   for	  joint	  mechanics1–3.	  	  In	  the	  case	  of	  the	  shoulder,	  the	  stress	  on	  the	  glenohumeral	  (GH)	  joint	  can	  cause	  the	  humerus	  to	  develop	  an	  internal	  or	  external	  rotation	  in	  the	  axial	  plane4.	  	  This	  rotation	  is	  known	  as	  torsion.	  	   Studies	  are	  currently	  attempting	  to	  discern	  the	  effect	  of	  humeral	  torsion	  on	  shoulder	   mechanics.	   	   Common	   methods	   of	   measurement	   include	   osteometrics5,	  planar	   x-­‐rays6,	   and	   computed	   tomography	   (CT)7,8,	   however,	   there	   are	   several	  limitations	   involved	   with	   these	   methods	   that	   makes	   them	   difficult	   to	   implement.	  	  Thus,	  a	  novel	  technique	  has	  been	  developed	  using	  ultrasound	  to	  measure	  torsion9.	  	   The	   purpose	   of	   this	   thesis	   is	   to	   assess	   two	   imaging	   modalities,	   CT	   and	  ultrasound,	   for	   measuring	   humeral	   torsion,	   evaluating	   precision	   among	   different	  observers	  and	  the	  applicability	  of	  each	  technique.	  	   There	  are	  three	  aims	  to	  this	  study:	  
1. Develop	  a	  standard	  CT	  image-­based	  torsion	  measurement	  protocol	  and	  
evaluate	  its	  precision	  after	  optimization.	  
2. Evaluate	  the	  precision	  of	  the	  ultrasound	  technique.	  
3. Compare	   the	   humeral	   torsion	  measurements	   acquired	   using	   both	   the	  
CT	  protocol	  and	  the	  ultrasound	  technique.	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CHAPTER	  TWO:	  INTRODUCTION	  AND	  BACKGROUND	  
	  
1.	  Shoulder	  Anatomy:	  
	  
Figure	  1:	  Shoulder	  Anatomy10.	  	  The	  three	  bones	  of	  the	  shoulder	  joint	  and	  the	  four	  muscles	   of	   the	   rotator	   cuff	   are	   seen	   here.	   	   The	   glenohumeral	   ligament	   is	  synonymous	  with	  the	  capsular	  ligament	  seen	  here.	  	  	   The	   shoulder	   consists	   of	   three	   bones:	   the	   clavicle,	   the	   scapula,	   and	   the	  humerus	   (Figure	   1).	   	   The	   head	   of	   the	   humerus,	   the	   long	   bone	   of	   the	   upper	   arm,	  articulates	  with	  the	  glenoid,	  the	  flat	  portion	  on	  the	  lateral	  border	  of	  the	  scapula,	  in	  what	   is	   known	   as	   the	   glenohumeral	   (GH)	   joint.	   	   The	   joint	   is	   constrained	   by	   the	  acromion,	   the	   posterior	   protrusion	   from	   the	   superior	   scapula,	   the	   clavicle,	   or	  collarbone,	  which	  articulates	  with	  the	  acromion	  in	  the	  acromioclavicular	  (AC)	  joint,	  and	   the	   coracoid	   process,	   the	   anterior	   protrusion	   from	   the	   scapula10.	   	   The	  glenohumeral	  ligament	  encapsulates	  the	  lateral	  glenoid	  and	  attaches	  to	  the	  proximal	  humerus	  (Figure	  1).	   	  The	   lateral	  edge	  of	   the	  articular	  portion	  of	   the	  humeral	  head	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results	   in	   the	   anatomical	   neck	   highlighted	   in	   blue	   in	   Figure	   2.	   	   The	   anterior	   and	  posterior	  sections	  of	  the	  neck	  aligned	  parallel	  to	  the	  shaft	  axis	  define	  the	  articulation	  notches.	  	  It	  is	  important	  to	  note	  that	  the	  ephiphyseal	  plate,	  the	  area	  where	  the	  vast	  majority	  of	  bone	  growth	  takes	  place,	  is	  located	  within	  the	  proximal	  humerus	  	  at	  the	  narrowing	  of	  the	  bone	  between	  the	  head	  and	  the	  shaft	  in	  what	  is	  called	  the	  surgical	  neck	  of	  the	  humerus	  (Figure	  2)11.	  	  
	  
Figure	   2:	   Growth	   Plates	   of	   the	   Humerus11.	   	   The	   epiphyseal	   lines	   are	   shown	   in	  black.	  The	  articular	  capsule	  is	  outlined	  in	  blue.	  	  Note	  that	  the	  proximal	  ephiphyseal	  line	  is	  distal	  to	  the	  majority	  of	  the	  articular	  capsule.	  	  	   There	  are	  seven	  muscles	  that	  comprise	  the	  scapulohumeral	  complex,	  four	  of	  which	   make	   up	   the	   muscular	   sheath	   known	   as	   the	   rotator	   cuff	   that	   completely	  surrounds	   the	   GH	   joint	   (Figure	   1).	   	   The	   first,	   from	   anterior	   to	   posterior,	   the	  subscapulis,	   internally	   rotates	   the	   humerus12.	   	   The	   second,	   the	   supraspinatus,	  abducts	   the	   humerus13,14.	   	   The	   third	   and	   fourth	   are	   the	   teres	   minor	   and	   the	  infrapinatus,	   which	   originate	   from	   the	   posterior	   face	   of	   the	   scapula	   and	   jointly	  externally	  rotate	  the	  humerus11.	  	  The	  origin	  and	  insertion	  for	  these	  muscles	  can	  be	  seen	   in	   Figure	   3	   and	   Figure	   4.	   	   Basic	   anatomic	   movements	   of	   the	   glenohumeral	  complex	  are	  explained	  in	  Figure	  5	  and	  6.	  
	  	   4	  
	  
Figure	  3:	  Anatomy	  of	   the	  Humerus11.	   	  Insertion	  and	  orgin	  points	  are	  outlined	  in	  red.	   	   The	   articular	   capsules	   are	   outlined	   in	   blue.	   	  Note	   the	   insertion	  points	   of	   the	  muscles	  of	  the	  rotator	  cuff	  and	  of	  the	  teres	  major.	  
	  
Figure	  4:	  Anatomy	  of	  the	  Scapula11.	  	  Muscle	  origins	  and	  insertions	  are	  outlined	  in	  red.	  	  Note	  the	  insertion	  of	  the	  pectoralis	  major	  on	  the	  coracoid,	  and	  the	  origin	  of	  the	  coracobrachialis	  on	  the	  coracoid.	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Figure	   5:	   Movements	   of	   the	   shoulder	   joint15.	   	  Medial	   rotation	   is	   equivalent	   to	  internal	   rotation	   and	   lateral	   to	   external	   rotation.	   	   It	   should	   also	   be	   noted	   that	  shoulder	  abduction	  is	  not	  the	  same	  as	  humeral	  abduction.	  	  	   The	  fifth	  muscle	  is	  called	  the	  coracobrachialis.	  	  It	  is	  positioned	  anterior	  to	  the	  scapula,	  originates	  from	  the	  coracoid	  and	  acts	  in	  shoulder	  flexion	  and	  adduction16,17.	  	  The	  sixth	   is	   called	   the	   teres	  major,	  which	  originates	   from	  the	   inferior	   scapula	  and	  acts	   in	   joint	   stabilization	   and	   humeral	   adduction18.	   	   The	   seventh	   is	   the	   most	  prominent,	  as	  it	  makes	  up	  the	  round	  shape	  of	  the	  shoulder,	  and	  the	  most	  complex.	  	  This	  is	  known	  as	  the	  deltoid,	  and	  it	  acts	  to	  abduct	  the	  shoulder	  when	  the	  humerus	  is	  externally	  or	  internally	  rotated	  and	  to	  extend	  the	  shoulder	  joint.	  	   Other	   important	  muscles	   include	   the	  pectoralis	  major,	   the	   latissimus	  dorsi,	  the	   trapezius,	  biceps	  and	  the	  triceps.	   	  The	  pectoralis	  major,	  or	  upper	  chest	  muscle	  inserting	  onto	  the	  coracoid	  process,	  acts	  in	  flexion,	  adduction,	  and	  internal	  rotation	  of	  the	  humerus	  as	  well	  as	  flexion	  of	  the	  shoulder.	   	  The	  latissimus	  dorsi,	  the	  middle	  back	   muscle	   inserting	   onto	   the	   anterior	   distal	   portion	   of	   the	   bicipital	   groove,	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abducts,	  internally	  rotates,	  and	  extends	  the	  shoulder	  joint.	  	  The	  trapezius,	  inserting	  along	   the	  posterior	   spine	  of	   the	   scapula,	   aids	   in	  abduction	  of	   the	  upper	  arm.	   	  The	  triceps	   originates	   from	   the	   inferior	   glenoid	   and	   the	   radial	   sulcus	   and	   extends	   the	  forearm.	   	  The	  biceps	  originates	  from	  the	  superior	  glenoid	  and	  the	  coracoid,	  passes	  under	   the	   rotator	   cuff	  between	   two	  bony	  protrusions	   from	   the	  proximal	  humerus	  called	  the	  greater	  (posterior)	  and	  lesser	  (anterior)	  tubercles	  in	  what	  is	  known	  as	  the	  bicipital	  groove	  (Figure	  3),	  and	  acts	  in	  forearm	  flexion.	  	   Figure	   5	   demonstrates	   the	   basic	   anatomic	   motions	   of	   the	   shoulder.	  	  Abduction	   moves	   the	   limb	   away	   from	   the	   core	   of	   the	   body	   and	   is	   opposed	   by	  adduction.	   	  Extension	   increases	   the	  angle	  between	   the	   two	  bones	   in	  a	   joint	  and	   is	  opposed	  by	  flexion.	  	  Rotation	  is	  considered	  internal	  if	  it	  moves	  the	  bone	  toward	  the	  center	  or	  front	  of	  the	  body	  or	  external	  if	  it	  if	  moves	  the	  bone	  away	  from	  or	  behind	  the	  body.	  	  
2.	  	  Anatomical	  Axes.	  The	   humeral	   axes	   in	   this	   case	   are	   defined	   by	   two	   points,	   clinically.	   	   The	  proximal	   end	   is	   the	   center	   of	   rotation	   of	   the	   glenohumeral	   articulation	  (approximately	  the	  midpoint	  of	  the	  glenoid),	  and	  the	  distal	  end	  is	  the	  midpoint	  of	  a	  tangent	   line	   to	   the	   posterior	   extremities	   of	   the	   lateral	   and	   medial	   epicondyles19.	  	  This	  axis	  is	  generally	  considered	  the	  humeral	  y-­‐axis	  (Figure	  7).	  	  The	  x-­‐axis	  is	  defined	  by	  the	  normal	  vector	  to	  the	  plane	  containing	  the	  three	  points	  that	  define	  the	  y-­‐axis	  as	  described	  above19.	   	  The	  z-­‐axis	   is	   then	  defined	  by	  a	  normal	  vector	  to	  both	  the	  x-­‐axis	  and	  the	  y-­‐axis.	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Figure	   7:	   Anatomical	   coordinate	   system,	   humerus19.	   	   The	   endpoint	   of	   the	   GH	  rotation	  axis	  as	  defined	  orthometrically	  is	  lateral	  to	  the	  endpoint	  of	  the	  GH	  rotation	  axis	  as	  defined	  clinically.	  	   However,	   torsion,	   as	   it	  will	  be	  demonstrated,	   takes	  place	  along	   the	   shaft	  of	  the	   humerus	   starting	  with	   the	   epiphyseal	   plate	   near	   the	   surgical	   neck,	   not	   at	   the	  articulation	  point.	   	  Thus,	   the	  anatomical	  y-­‐axis	  of	   the	  humerus	   is	  not	  aligned	  with	  the	  torsional	  y-­‐axis	  as	  the	  articulation	  point	  is	  offset	  from	  the	  surgical	  neck.	  	  To	  this	  end,	   the	  coordinate	  system	  used	   in	   this	   thesis	   is	  a	  modification	  of	   the	  orthometric	  humeral	  shaft	  axis	  proposed	  by	  Boileau.	  In	   the	   proposed	   system,	   the	   central	   axis	   of	   the	   humeral	   shaft	   has	   been	  calculated	  by	  a	  best-­‐fit	  cylinder	  of	  the	  proximal	  humerus	  between	  the	  surgical	  neck	  and	  the	  attachment	  point	  of	  the	  deltoid	  where	  the	  bone	  develops	  a	  posterior	  bend	  (Figure	  8).	  	  According	  to	  Boileau	  et	  al,	  the	  assignment	  of	  this	  cylinder	  is	  “arbitrary”,	  so	   long	   as	   it	   is	   distal	   to	   the	   head	   of	   the	   humerus	   and	   does	   not	   include	   the	   distal	  bend20.	   	   For	   the	   purpose	   of	   standardization,	   this	   study	   will	   determine	   a	   best-­‐fit	  cylinder	   based	   on	   the	   cortical	   bone	   geometry	   within	   the	   20%	   to	   40%	   proximal	  humeral	  bone	  length.	  	  The	  central	  axis	  of	  this	  cylinder	  will	  define	  the	  y-­‐axis	  for	  the	  purposes	  of	  the	  CT	  image-­‐based	  protocol.	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Figure	  8:	  New	  axes	  and	  the	  best-­fit	  cylinder20.	  	  The	  distal	  axis	  for	  the	  study	  is	  the	  transepicondylar	  axis	  denoted	  by	  line	  V-­‐V’.	  	  The	  new	  central	  bone	  axis	  is	  determined	  by	  the	  central	  axis	  of	  the	  cylinder	  X-­‐Y.	  	   To	   define	   the	   x-­‐axis	   for	   the	   CT	   image-­‐based	   measurement	   protocol,	   the	  medial	  and	  lateral	  epicondyles	  of	  the	  distal	  humerus	  were	  identified	  and	  connected	  with	  a	  line	  will	  be	  drawn	  perpendicular	  to	  the	  y-­‐axis.	  	  This	  is	  known	  clinically	  as	  the	  transepicondylar	   axis	   and	   can	   be	   seen	   in	   Figure	   97.	   	   The	   new	   z-­‐axis	   defined	   by	   a	  vector	  perpendicular	  to	  both	  the	  x-­‐	  and	  y-­‐axes.	  Humeral	  torsion	  requires	  measurement	  axes	  defined	  by	  anatomic	  landmarks	  at	  both	  the	  proximal	  and	  distal	  ends	  of	  the	  bone.	  	  Two	  proximal	  axes	  were	  defined	  in	  this	  study.	  	  The	  proximal	  tubercle	  axis	  was	  defined	  in	  the	  plane	  perpendicular	  to	  the	  y-­‐axis	   and	   consisted	   of	   a	   line	   connecting	   the	   greater	   and	   lesser	   tubercles	   (Figure	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10)21.	   	  The	  bisector	  proximal	  axis	  was	  defined	  in	  the	  plane	  perpendicular	  to	  the	  y-­‐axis	   and	   consisted	   of	   a	   line	   connecting	   the	   anterior	   and	   posterior	   articulation	  notches	   in	  the	  anatomical	  neck	  and	  then	  calculating	  a	  perpendicular	  vector	  to	  this	  line	  and	  projecting	  it	  laterally	  in	  the	  x-­‐z	  plane	  (Figure	  9)21,22.	  
	  
Figure	   9:	   Proximal	   and	   distal	   axes	   from	   the	   tubercle	  method.	   	   The	   proximal	  image	  (A)	  shows	  the	  proximal	  tubercle	  axis,	  which	  is	  also	  visible	  as	  the	  dotted	  line	  in	  the	  distal	  image	  (B).	  	  The	  distal	  axis	  is	  also	  visible	  in	  the	  distal	  image	  as	  the	  dashed	  line.	  	  The	  torsion	  angle	  is	  the	  acute	  angle	  between	  these	  lines.	  	  
	  
Figure	   10:	   Proximal	   and	   distal	   axes	   from	   the	   bisector	  method.	   The	  proximal	  image	  (A)	  shows	  the	  proximal	  bisector	  axis	  as	  a	  solid	  line,	  which	  is	  also	  visible	  as	  the	  dashed	  line	  in	  the	  distal	  image	  (B).	  	  The	  distal	  axis	  is	  also	  visible	  in	  the	  distal	  image	  as	  the	  solid	  line.	  	  The	  angle	  of	  torsion	  is	  the	  obtuse	  angle	  between	  these	  lines.	  	  
	  	   10	  
The	   angle	   that	   results	   between	   the	   proximal	   and	   distal	   axes	   is	   clinically	  known	  as	  the	  angle	  of	  torsion.	  	  
3.	  Humeral	  Torsion:	  	   According	  to	  Wolfe’s	  Law,	  morphology	  is	  not	  constant	  and	  is	  directly	  related	  to	  the	  concentration	  and	  direction	  of	  stress	  applied	  to	  the	  bone1.	  	  Long	  bones,	  such	  as	  the	  humerus	  are	  especially	  susceptible	  to	  changes,	  as	  they	  are	  pliable	  around	  the	  epiphyseal	   growth	   plate	   before	   the	   plate	   closes	   with	   maturity23–25.	   	   Mechanical	  factors	  acting	  at	  the	  shoulder	  joint	  have	  been	  show	  to	  influence	  morphology	  during	  bone	  development,	  specifically,	  torque	  applied	  to	  the	  head	  of	  the	  humerus,	  induces	  the	   bone	   on	   opposite	   sides	   of	   the	   plate	   to	   slip	   in	   opposite	   directions	   such	   that	   it	  develops	  an	  inherent	  twist	  indicative	  of	  the	  applied	  forces23,24.	  	  This	  twist	  is	  known	  as	  torsion	  and	  results	  in	  a	  shift	  between	  the	  axis	  of	  the	  proximal	  bone	  and	  the	  axis	  of	  the	  distal	  bone.	  	  The	  head	  of	  the	  humerus	  can	  be	  distracted	  externally,	  which	  results	  in	   “retrotorsion”26,27	   or	   internally,	   which	   results	   in	   “anterotorsion”.	   	   Retrotorsion	  can	   also	   be	   referred	   to	   as	   humeral	   head	   retroversion	   or	   lateral	   torsion	   of	   the	  humerus.	  	  	   1.1	  Development	  of	  Torsion.	  	  At	  birth,	  the	  humeral	  torsion	  angle	  averages	  somewhere	   approximately	   to	   70°5.	   	   When	   the	   proximal	   humerus	   becomes	  increasingly	   calcified,	   sometime	   around	   the	   age	   of	   4,	   the	   bone	  beings	   to	   adjust	   to	  applied	   forces.	   	   As	   the	  majority	   of	   routine	   activities	   that	   a	   kindergarten	   age	   child	  faces	   (like	   eating,	   brushing	   teeth,	   and	   writing)	   are	   in	   front	   of	   the	   body,	   the	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articulation	  forces	  of	  the	  those	  actions	  are	  anterior	  to	  the	  plane	  of	  the	  scapular	  spine.	  	  This	  means	   that	   the	   stress	   concentration	  on	   the	   anterior	  portion	  of	   the	   glenoid	   is	  higher	   than	   the	   stress	   on	   the	   posterior	   portion,	   and	   by	   association,	   the	   stress	  concentration	  is	  higher	  on	  the	  anterior	  portion	  of	  the	  medial	  humeral	  head	  than	  on	  the	  posterior	  portion28.	  For	   example,	   a	   child	   brushing	   its	   teeth	   requires	   initial	   abduction	   of	   the	  humerus	  in	  addition	  to	  flexion	  and	  adduction	  of	  the	  shoulder.	  	  The	  pectoralis	  major	  with	  an	  insertion	  on	  the	  anterior,	  medial,	  proximal	  humerus	  applies	  a	  tensile	  force	  to	  the	  coracoid	  and	  pulls	  the	  shoulder	  forward	  putting	  stress	  on	  the	  anterior	  portion	  of	  the	  shoulder	  (shoulder	  adduction).	  	  The	  coracobrachialis	  with	  an	  insertion	  on	  the	  medial	  humerus	  and	  an	  origin	  on	  the	  coracoid	  process	  applies	  a	  tensile	  stress	  to	  the	  humerus	   and	   the	   coracoid	   both	   to	   cause	   the	   arm	   to	   lift	   to	   the	   mouth	   (shoulder	  flexion).	   	   As	   the	   coracoid	   process	   is	   anterior	   to	   the	   plane	   of	   the	   scapula,	   the	  contraction	   of	   the	   coracobrachialis	   and	   the	   resulting	   tensile	   force	   causes	   the	  compressive	  force	  of	  articulation	  to	  shift	  anterior	  to	  the	  midline	  of	  the	  humeral	  head.	  In	   addition	   to	   this,	   the	   forearm	  must	   be	   flexed	   and	   the	   humerus	   must	   be	  rotated	   inwardly.	   To	   achieve	   internal	   rotation,	   the	   subscapularis	   applies	   a	   tensile	  force	  at	   its	   insertion	  at	   the	   lesser	   tubercle	  on	   the	  anterior	  portion	  of	   the	  proximal	  humerus.	  	  Thus,	  all	  four	  motions	  after	  abduction	  of	  the	  humerus	  are	  focused	  on	  the	  anterior	  portion	  of	  the	  humeral	  head.	  	   The	   relatively	   greater	   anterior	   torsional	   stress	   concentration	   causes	   the	  humerus	  to	  develop	  and	  grow	  with	  an	  internal	  twist.	  	  This	  is	  achieved	  by	  causing	  an	  axial	  moment	  about	  the	  epiphyseal	  plate.	  	  The	  contact	  stress	  applied	  to	  the	  proximal	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humerus	  above	  the	  plate	  is	  anterior	  to	  the	  plane	  defined	  by	  the	  scapular	  spine.	  	  This	  creates	  a	  moment	  arm	  between	  the	  point	  of	  contract	  stress	  and	  the	  central	  axis,	  and	  as	  such,	  there	  is	  an	  external	  moment	  about	  the	  y-­‐axis	  created	  by	  this	  stress.	  	  As	  the	  action	   requires	   the	  arm	   to	   remain	   flexed	  and	   internally	   rotated,	   the	   subscapularis	  will	  resist	  the	  external	  movement,	  causing	  an	  internal	  moment	  on	  the	  bone23,24.	  	  The	  opposite	  moments	  align	  around	  the	  epiphyseal	  plate	  and	  cause	  the	  proximal	  portion	  of	   the	  bone	  to	  shear	  externally	   in	  comparison	  with	  the	  humeral	  shaft23.	   	  The	  bone	  then	   begins	   to	   demonstrate	   relative	   anterotorsion.	   	   Almost	   all	   adults	  will	   have	   at	  least	   some	   anterotorsion	   regardless	   of	   occupation	   or	   activity.	   	   It	   is	   interesting	   to	  note	  that	  adult-­‐like	  angles	  (25°	  to	  35°)	  have	  been	  noted	  in	  children	  as	  young	  as	  six	  and	  the	  majority	  of	  patients	  have	  reached	  adult	  values	  by	  the	  age	  of	  124.	  	   However,	   deviation	   from	   the	   typical	   activities	   of	   daily	   living	   can	   result	   in	  different	   bone	   development.	   	   For	   example,	   a	   significant	   difference	   has	   been	  demonstrated	   between	   the	   arms	   of	   throwing	   athletes	   and	   non-­‐throwers.	   	   The	  difference	  can	  be	  attributed	  to	  the	  tensile	  force	  applied	  to	  the	  posterior	  humerus	  by	  the	  infraspinatus	  and	  the	  teres	  minor	  to	  rotate	  the	  arm	  externally	  and	  the	  latissimus	  dorsi	   to	   adduct	   the	   shoulder	   for	   the	   cocking	   phase	   of	   the	   throwing	  motion.	   	   The	  applied	   load	  can	  be	  on	  the	  order	  of	  magnitude	  of	  body	  weight21,24,27.	   	  These	  forces	  counteract	  developing	  anterotorsion	  by	  causing	  a	  stress	  concentration	  posterior	  to	  the	  y-­‐axis	  of	  the	  humerus.	  	  In	  much	  the	  opposite	  way	  as	  anterotorsion,	  the	  resulting	  moment	  is	  an	  internal	  torque	  on	  the	  proximal	  humerus.	  	  The	  proximal	  portion	  of	  the	  humerus	   then	   distract	   internally.	   	   Over	   time	   with	   repetitive	   overhead	   throwing	  these	   forces	   retard	   the	   natural	   antetorsion	   resulting	   in	   a	   humerus	   in	   relatively	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greater	   retrotorsion	   compared	   to	   the	   nondominant	   humerus.	   If	   the	   athlete	  continues	  throwing	  through	  to	  adulthood,	  the	  change	  in	  torsion	  becomes	  permanent,	  as	  the	  epiphyseal	  plate	  closes21.	  	   Subsequently,	   the	   dominant	   shoulders	   of	   throwing	   athletes	   can	   show	  significantly	   more	   retrotorsion	   than	   non-­‐throwers22,23,29.	   	   More	   importantly,	   the	  contralateral	   arms	   of	   throwing	   athletes	   more	   closely	   resemble	   the	   arms	   of	   non-­‐throwers	   rather	   than	   their	   dominant	   limb22,27.	   	   This	   implies	   that	   the	   significant	  increase	  in	  retrotorsion	  observed	  in	  throwers	  is	  due	  to	  repetitive	  throwing.	  	  Studies	  suggest	   that	   the	   mechanism	   is	   an	   adaptation	   to	   the	   regular	   joint	   mechanics	   of	  throwing	   and	   has	   implications	   for	   injury	   mechanisms.	   	   For	   example,	   European	  handball	   players	   who	   exhibit	   larger	   retrotorsion	   angles	   also	   suffer	   from	   less	  shoulder-­‐related	   injuries	   than	   those	   with	   small	   retrotorsion	   angles27,30,31.	  	  Additionally,	  professional	  baseball	  pitchers	  who	  display	  greater	  retrotorsion	  appear	  to	   be	   more	   at	   risk	   for	   developing	   alterations	   in	   their	   shoulder	   range	   of	   motion	  (ROM),	  a	  known	  risk	  factor	  for	  arm	  injury32,33.	  The	   role	   of	   retrotorsion	   has	   become	   increasingly	   recognized	   in	   shoulder	  pathology,	  as	  its	  effects	  recently	  have	  been	  linked	  to	  certain	  detrimental	  changes	  in	  the	   functionality	   of	   the	   surrounding	   tissues21,27,30,32.	   	   Arms	   that	   exhibit	   less	  anterotorsion	   also	   exhibit	   a	   significantly	   lower	  maximum	   internal	   rotation	   angle.	  	  Intuitively,	  these	  same	  arms	  also	  exhibit	  greater	  maximum	  eternal	  rotation	  angles.	  	  Interestingly,	  however,	  the	  magnitude	  of	  the	  arm’s	  range	  of	  motion	  does	  not	  change	  significantly	  with	  changing	  torsion.	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4.	  Bone	  Measurement:	  	   4.1	   Osteometrics.	   	   The	   properties	   of	   bone	   including	   morphology	   are	  historically	  measured	  after	  the	  bone	  has	  been	  resected	  of	  all	  soft	  tissues	  i.e.	  via	  bone	  osteometrics.	  	  These	  are	  the	  most	  consistent	  measurements	  as	  the	  bone	  orientation	  may	  be	  altered	  freely	  and	  is	  not	  obscured	  by	  soft	  tissue.	  	  Also,	  osteometric	  methods	  often	  utilize	  bony	  landmarks	  to	  orient	  the	  bone	  and	  define	  measurement	  axes	  rather	  than	  relying	  on	  an	  observer	  or	  technician	  to	  identify	  axes.	  
	  
Figure	  10:	  Osteometric	  measurement	  system.	  	  The	  medial-­‐lateral	  bisector	  is	  the	  dashed	   line	   showed	   above.	   This	   must	   be	   aligned	   with	   the	   solid	   black	   line	   of	   the	  goniometer	  device	  to	  determine	  the	  torsion	  angle.	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   For	   example,	   humeral	   torsion	   is	   measured	   by	   placing	   the	   bone	   with	   the	  posterior	   tubercles	   of	   the	   epicondyles	   and	   the	   medial	   portion	   of	   the	   proximal	  humerus	  against	   a	   flat	   surface,	   thus	  defining	   the	  measurement	  plane	  according	   to	  the	   clinical	   axes.	   	   A	   line	   defined	   using	   anthropologic	   calipers	   to	   determine	   the	  midpoints	  of	  the	  medial,	  lateral,	  and	  middle	  portions	  of	  the	  humeral	  head	  is	  drawn	  from	  medial	   to	   lateral	   along	   the	  head	  of	   the	  humerus,	   and	   the	  angle	   that	   this	   line	  makes	   with	   the	   flat	   surface	   is	   considered	   the	   torsion	   angle5.	   	   In	   this	   way,	   the	  alignment	  is	  based	  on	  the	  tubercles,	  not	  the	  ability	  of	  the	  observer	  to	  align	  them	  in	  a	  scanner	  or	  on	  a	  planar	  film4.	  	  The	  process	  can	  be	  seen	  in	  Figure	  10.	  	   Bone	   osteometrics	   have	   known	   limitations,	   however.	   	   In	   particular,	   the	  cartilaginous	  head	  of	  the	  humerus	  in	  fetal	  bones	  makes	  midline	  placement	  difficult	  as	  cartilage	  calcification	  during	  development	  can	  lead	  to	  a	  misrepresentation	  of	  the	  proximal	  axis.	  	  In	  order	  to	  curb	  the	  issue,	  the	  epiphysis	  may	  be	  removed	  before	  the	  line	  is	  placed,	  as	  this	  does	  not	  significantly	  alter	  the	  torsion	  angle	  in	  children	  up	  to	  the	  age	  of	  44.	   	  Retrieving	   fetal	  bones	  and	  adolescent	  bones	   is	   itself	  a	  difficult	   task.	  	  Also,	  osteometrics	  only	  provides	  information	  on	  the	  exterior	  structure	  of	  the	  bone,	  as	   internal	   structures	   are	  not	   visible	  without	  destructive	   sectioning	   techniques	  or	  the	   use	   of	   imaging	   modalities.	   Of	   course,	   the	   major	   limitation	   is	   that	   it	   is	   not	  applicable	   to	   living	   subjects.	   	   Thus,	   it	   cannot	   be	   used	   in	   clinical	   assessments	   to	  provide	  information	  for	  treating	  patients	  with	  bone	  related	  pathology.	  	  	   4.2	   X-­Ray	   Radiographs.	   	   Traditionally,	   in	   situ	   bone	   measurement	   is	  accomplished	  with	  planar	  radiographic	  images	  generated	  by	  exposing	  the	  bone	  to	  x-­‐
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ray	  radiation.	  	  Discovered	  at	  the	  end	  of	  the	  19th	  century,	  x-­‐rays	  are	  a	  form	  of	  indirect	  ionization34.	  	  This	  means	  that	  x-­‐ray	  beams	  provide	  energy	  to	  atoms	  they	  encounter	  by	  one	  of	   two	  means:	   either	   the	  x-­‐ray	   collides	  with	   the	  atom	  (is	   absorbed)	  or	   the	  beam	  changes	  direction	  when	  it	  encounters	  the	  charge	  from	  the	  atom’s	  protons	  (is	  scattered).	   	   Either	   way,	   the	   beam	   will	   lose	   energy	   after	   the	   interaction.	   	   This	   is	  known	   as	   radiation	   attenuation.	   	   It	   is	   a	   useful	   concept	   with	   imaging	   the	  musculoskeletal	  system	  as	  bone	  is	  much	  denser	  than	  the	  surrounding	  soft	  tissue	  and	  is	  therefore,	  much	  more	  likely	  to	  attenuate	  x-­‐ray	  beams.	  	  Planar	  radiographs	  use	  this	  difference	   to	   obtain	   images	   of	   the	   bone	   by	   placing	   the	   patient	   between	   an	   x-­‐ray	  producing	  radiation	  source	  such	  as	  a	  tungsten	  filament	  heated	  to	  high	  temperatures,	  and	  an	  x-­‐ray	  sensitive	  film	  or	  digitial	  photosensors	  tuned	  to	  x-­‐ray	  frequencies.	  	  The	  x-­‐rays	  that	  are	  not	  attenuated	  by	  bone	  bombard	  the	  “film”,	  thus	  creating	  an	  inverse	  silhouette	  of	  the	  bone	  on	  the	  film.	  	  	  An	  example	  of	  a	  modern	  x-­‐ray	  machine	  is	  seen	  in	  Figures	  11.	  X-­‐ray	   resolution	   is	   based	   on	   two	  major	   factors:	   intensity	   of	   the	   beam	   and	  beam	  diffusion	  due	  to	  scatter.	  	  If	  the	  beam	  is	  powerful	  enough,	  an	  x-­‐ray	  machine	  can	  be	  used	  to	  measure	  the	  structure	  of	  individual	  peptides,	  but	  the	  resolution	  of	  digital	  diagnostic	  machines	  is	  more	  on	  the	  order	  of	  150	  microns36.	  	  Scattering	  is	  addressed	  by	  using	  a	  Bucky	  diaphragm,	  a	  thick	  grate	  with	  thin	  slats	  that	  is	  placed	  between	  the	  patient	   and	   the	   film	   and	   allows	   only	   x-­‐rays	  with	   certain	   approach	   angles	   to	   pass	  through.	   	  This	   is	  similar	  to	  the	  way	  polarizing	  lenses	  work	  in	  sunglasses	  to	  reduce	  UV	  radiation.	  	  Bucky	  diaphragms	  are	  often	  moving	  back	  and	  forth,	  so	  that	  gridlines	  do	  not	  appear	  on	  the	  x-­‐ray	  film37.	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Figure	  11:	  X-­ray	  machine	  diagram35.	   	  When	  voltage	  is	  applied,	  electron	  particles	  from	  the	  cathode	  bombard	  the	  anode	  and	  cause	  ejection	  of	  x-­‐ray	  radiation.	  	  Beams	  are	  focused	  by	  the	  collimator	  out	  of	  the	  generator	  toward	  the	  subject.	  	  They	  interact	  with	   atoms	   in	   the	   specimen	   and	   must	   pass	   through	   a	   bucky	   filter	   before	   they	  bombard	   the	   film.	   	  The	  bucky	   filter	  eliminates	  non-­‐incidental	  beams	  generated	  by	  scatter.	  	  
	  
Figure	   12:	   Grashey	   view	   x-­ray38.	   	   The	   image	   on	   the	   left	   demonstrates	   the	  positioning	  of	  the	  patient	  and	  film	  in	  the	  Grashey-­‐view	  x-­‐ray.	  	  The	  image	  on	  the	  right	  displays	  the	  outcome	  of	  this	  view.	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   Planar	  radiographic	  assessment	  of	  humeral	  morphology	  is	  a	  common	  clinical	  assessment	   technique.	   	   A	   standard	   anterior-­‐posterior	   (AP)	   view	   is	   used	   for	   gross	  injuries,	  such	  as	  the	  separation	  of	  the	  ephiphyseal	  plate	  in	  Little	  League	  Shoulder23–
25.	  	  A	  modified	  version	  of	  this	  view	  is	  called	  the	  oblique	  or	  Grashey	  view,	  where	  the	  coronal	  plane	  of	   the	  patient	   is	  angled	  35°	   to	  45°	   to	   the	  beam/detector	  axis,	  which	  offers	   an	   unobscured	   view	   of	   the	   GH	   joint	   space	   (Figure	   12)39,40.	   	   To	   view	   the	  bicipital	  groove,	  technicians	  use	  a	  modified	  axillary	  view	  called	  the	  intertubercular	  groove	  view	  of	  the	  Stryker	  notch	  view.	  	  In	  this	  case,	  the	  patient	  is	  either	  laid	  supine	  and	  the	  wrist	  is	  fully	  suppinated	  so	  that	  open	  palm	  faces	  upward	  or	  the	  shoulder	  is	  flexed	  to	  90°.	   	  The	  x-­‐ray	  beam	  is	  angled	  10°	  to	  15°	  posterior	  to	  the	  long	  axis	  of	  the	  humerus	  and	  passes	  through	  the	  arm	  to	  a	  film	  placed	  on	  the	  superior	  surface	  of	  the	  deltoid38,41.	  	  
	  
Figure	  13:	  Stryker	  notch	  x-­ray	  view35.	  	  This	  figure	  demonstrates	  patient	  and	  film	  positioning	  in	  the	  Stryker	  notch	  x-­‐ray	  view.	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   However,	   radiographs	   expose	   the	   patient	   to	   ionizing	   radiation.	   	   Associated	  illnesses	   include	   radiation	   poisoning	   and	   cancer.	   	   Proper	   handling	   of	   x-­‐ray	  equipment	   demands	   that	   x-­‐ray	   facilities	   be	   lined	   with	   lead,	   as	   it	   has	   a	   high	  attenuation	   coefficient,	   to	   protect	   other	   patients	   and	   technicians	   from	   the	  potentially	   harmful	   effects.	   	   This	   limits	   the	  mobility	   of	   x-­‐ray	  machines,	   and	   thus,	  patients	  must	   be	   brought	   to	   the	   imaging	   facility	   for	   evaluating	   torsion	   instead	   of	  evaluation	  in	  the	  field.	   	  Also,	   the	  ability	  to	  utilize	  this	  modality	   in	  young	  cohorts	   is	  limited	  to	  pathology,	  such	  as	  fracture,	  as	  exposing	  children	  to	  unnecessary	  radiation	  is	  an	  unnecessary	  danger.	  	   More	   importantly,	   it	   is	   difficult	   to	   accurately	  measure	  humeral	   torsion	   this	  way,	   as	   torsion	   is	   a	   3-­‐dimensional	   concept,	   and	   radiographs	   are	   a	   2-­‐dimensional	  modality.	  	  It	  is	  particularly	  difficult	  to	  obtain	  an	  image	  where	  both	  the	  humeral	  head	  and	  epicondyles	  are	  visible	  without	  the	  forearm	  or	  scapula	  obscuring	  the	  axes	  due	  to	  projection	  effects.	  	  Additionally,	  the	  bone	  would	  have	  to	  be	  imaged	  axially,	  which	  means	   that	   one	   side	   would	   be	   nearly	   a	   foot	   closer	   to	   the	   beam	   than	   the	   other	  resulting	   in	   considerable	   magnification	   distortion	   and	   loss	   of	   resolution.	   	   The	   2-­‐dimensionality	   of	   planar	   radiographs	   also	   negates	   the	   observer’s	   ability	   to	  manipulate	   the	   obtained	   images	   for	   realignment	   to	   the	   humeral	   y-­‐axis,	   which	   is	  crucial	  for	  standardization	  of	  torsion	  measurements.	  	  
	   4.3	   CT	   Scans.	   	  To	  address	   these	   issues,	  3-­‐dimensional	   radiographs	  may	  be	  obtained	   through	  computed	   tomography	   (CT).	   	  A	  modern	  CT	  machine	   (Figure	  14)	  uses	   a	   “helical”	   image	   collection	   system42.	   	   In	   this	   system,	   a	   series	   of	   x-­‐ray	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generators	   are	   fired	   across	   the	   specimen	   at	   a	   set	   of	   detectors,	   just	   as	   in	   planar	  radiographs.	  	  The	  detectors	  output	  a	  signal	  indicative	  of	  how	  much	  of	  the	  generated	  beam	   is	   attenuated	   in	   the	   space	  directly	   adjacent	   to	   them.	   	  The	   target	   anatomy	   is	  passed	  through	  the	  system	  at	  a	  constant	  rate	  between	  the	  detectors	  and	  the	  beam	  as	  the	  beam	  and	  detectors	  rotate	  around	  the	  body	  at	  a	  constant	  distance.	  	  The	  outputs	  are	  known	  as	  sinograms	  with	  each	  pixel	  in	  the	  sinogram	  indicative	  of	  a	  time	  point,	  a	  position,	  and	  the	  intensity	  associated	  with	  those	  coordinates43.	  	  A	  back-­‐projection	  is	  then	  used	   to	   extrapolate	   the	   intensity	   of	   a	   voxel,	   a	   3-­‐dimensional	   space	   along	   the	  measurement	   axis	   between	   the	   beam	  and	   the	   detectors,	   associated	  with	   the	   pixel	  from	  the	  sinogram42,43.	  	  The	  data	  are	  then	  sliced	  along	  the	  imaging	  axis	  similar	  to	  a	  loaf	   of	  bread	  where	  every	   slice	   contains	   information	   from	  a	   certain	   section	  of	   the	  measured	  anatomy.	  The	  most	  distinct	  advantage	  of	  CT	  over	  planar	  radiographs	  is	  that	  the	  images	  acquired	   from	   CT	   represent	   a	   3-­‐dimensional	  model	  where	   radiographs	   represent	  the	  projection	  of	  a	  3-­‐dimensional	  shape	  onto	  a	  2-­‐dimensional	  plane.	   	  Pieces	  of	   the	  model	  can	  be	  analyzed	  separately	  while	  assuming	  that	  the	  image	  axis	  is	  consistent.	  	  An	   alternative	   to	   this	   piecewise	   approach	   is	   to	   reconstruct	   the	   slices	   into	   the	   3-­‐dimensional	  model	   they	  represent.	   	  Unlike	  planar	  radiographs,	   the	  data	   from	  a	  CT	  scan	   can	   be	   manipulated	   by	   software	   programs	   for	   realignment	   or	   structural	  analysis	  depending	  on	  the	  aims	  of	  the	  observer.	  	   A	   method	   for	   measuring	   torsion	   by	   CT	   has	   been	   described	   by	   various	  studies7,21,22.	  	  The	  method	  requires	  the	  selection	  of	  two	  slices,	  one	  proximal	  and	  one	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distal,	  that	  display	  their	  respective	  axes	  clearly	  according	  to	  the	  criteria	  previously	  described.	  	  
	  
Figure	  14:	  CT	  scan	  diagram44.	   	  This	  figure	  demonstrates	  the	  workings	  of	  a	  helical	  Compute	  Tomography	  machine.	   	  Note	  that	   the	  green	   line	  around	  the	  patient	   looks	  like	  a	  coiled	  spring.	  
	  	   22	  
	   It	   is	   important	   to	   note	   that	   despite	   the	   improved	   capabilities	   of	   CT	   over	  radiographs,	  the	  serious	  disadvantages	  still	  remain.	  	  CT	  scans	  require	  the	  patient	  to	  experience	   even	   higher	   doses	   of	   radiation	   over	   longer	   time	   periods	   than	  radiographs;	   therefore,	   they	   may	   not	   be	   used	   with	   healthy	   adolescent	   patients.	  	  They	  are	  more	  expensive	  than	  planar	  setups,	  and	  the	  sensor	  equipment	  makes	  them	  bulkier	  and	  less	  mobile.	  	  The	  high	  doses	  of	  radiation	  require	  even	  more	  precautions	  to	  prevent	  transmission	  of	  the	  radiation.	  	  The	  patient	  must	  remain	  immobile	  during	  the	  scan,	  lest	  the	  image	  become	  blurry	  or	  offset,	  as	  the	  rebuilding	  programs	  will	  not	  accommodate	  motion,	  although	  there	  are	  movement	  algorithms	  being	  developed	  to	  do	  so42.	  	  CT	  scans	  are	  susceptible	  to	  ring	  defects	  and	  aliasing	  (examples	  of	  which	  can	  be	  seen	  in	  Figure	  15),	  and	  more	  importantly,	  metal	  objects	  appear	  as	  artifacts	  on	  CT	  scans	  such	  that	  the	  bony	  anatomy	  can	  be	  obscured	  or	  misshapen	  in	  the	  presence	  of	  metal	  implants45,46.	  
	  
Figure	  15:	  CT	  Scan	  Artifacts45.	  	  This	  figure	  represents	  the	  three	  major	  types	  of	  CT	  artifacts.	   	  On	  the	   left,	   the	  ripple-­‐like	  appearance	   is	  due	  to	  ring	  defects.	   	  The	  center	  two	   images	  demonstrate	  aliasing,	  where	   the	   shadowy	  space	  between	   the	  bones	   is	  replaced.	  	  The	  image	  on	  the	  right	  represents	  metal	  interference.	  
	  	   4.4	  Ultrasound.	  	  In	  response	  to	  the	  detrimental	  aspects	  of	  radiation	  and	  lack	  of	  portability	  associated	  with	  the	  previous	  imaging	  modalities,	  there	  is	  widespread	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utilization	   of	   ultrasound	   for	   imaging	   and	   measuring	   morphology.	   	   Ultrasound	  imaging	   relies	   on	   the	   principles	   of	   reciprocal	   piezoelectricity	   to	   produce	   high-­‐frequency	   sound	  waves	  on	   the	  order	  of	  1	   to	  30	  MHz,	   far	   above	   the	  upper	   limit	  of	  human	  hearing,	   in	  order	  to	   investigate	   internal	  anatomy47.	   	  Piezoelectric	  materials	  are	   able	   to	   convert	   electrical	   impulses	   to	   mechanical	   forces	   or	   vice	   versa.	  	  Ultrasound	  probes	  are	  generally	  made	  with	  thin	  discs	  of	  “artificial	  ceramics”,	  such	  as	  lead	   zirconate	   titanate47.	   	   The	   discs	   are	   intermittently	   stimulated	   by	   electrical	  impulses,	  which	  cause	  them	  to	  change	  thickness	  and	  produce	  a	  “beam”	  of	  vibration	  that	  generates	  a	  sound	  wave	  with	  a	  predictable	  direction	  and	  frequency.	  	  The	  sound	  wave	  is	  channeled	  through	  the	  head	  of	  the	  probe	  into	  the	  body.	  	  Gel	  is	  applied	  to	  the	  skin	   under	   the	   probe	   to	   provide	   a	   uniform	   medium	   for	   transmitting	   the	   sound	  waves	  once	   they	  exit	   the	  probe	  head.	   	  The	  sound	  waves	   rebound	  off	  of	   structures	  based	  on	  their	  density,	  i.e.	  bone	  reflects	  the	  sound	  waves	  much	  more	  than	  soft	  tissue	  in	   a	   similar	   way	   to	   the	  manner	   in	   which	   SONAR	   reflects	   off	   submarines	   and	   not	  water.	   	   The	   rebounding	  ultrasonic	   sound	  waves	   apply	  mechanical	   pressure	   to	   the	  discs	  that	  are	  not	  stimulated	  in	  the	  probe,	  which	  causes	  them	  to	  change	  shape	  and	  produce	  an	  electrical	  voltage.	  	  This	  signal	  can	  be	  read	  by	  a	  computer	  to	  reconstruct	  the	  echo	  pattern,	  and	  by	  this	  means,	  it	  can	  reconstruct	  the	  shape	  of	  the	  bone.	   	  The	  disc	  thickness	  determines	  the	  probe	  frequency,	  and	  the	  probe	  frequency	  determines	  the	  imaging	  depth47.	  	  In	  general,	  higher	  frequency	  means	  higher	  resolution,	  but	  the	  high	  frequency	  probes	  have	  poor	  penetration	  depth	  because	  they	  are	  more	  readily	  attenuated47.	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   Ultrasound	   is	   particularly	   applicable	   to	   the	   shoulder	   joint,	   including	  measurement	  of	  humeral	  landmarks	  as	  the	  humerus	  is	  only	  covered	  by	  low-­‐density	  structures	  such	  as	  skin	  and	  muscle.	  	  Thus,	  the	  probe	  is	  easily	  positioned	  to	  image	  the	  articulation	  notches	  or	  the	  bicipital	  groove.	   	  For	  this	  reason,	  as	  well	  as	   the	  driving	  need	   for	  a	  portable,	  non-­‐ionizing	   tool	   for	   imaging	  musculoskeletal	   tissues,	   a	  novel	  protocol	  inspired	  by	  Itoi	  et	  al,	  was	  developed	  by	  Whiteley	  et	  al	  to	  measure	  torsion	  via	  ultrasound9,28.	   	  The	  patient	   is	   laid	  supine,	   the	  humerus	   is	  abducted	  to	  90°,	  and	  the	   forearm	   is	   flexed	   to	   90°	   (Figure	   16).	   	   A	   proximal	   observer	   then	   places	   an	  ultrasound	   probe	   such	   that	   the	   bicipital	   groove	   is	   visible	   in	   cross-­‐section	   (Figure	  17)9.	  	  A	  distal	  observer	  places	  a	  digital	  inclinometer	  against	  the	  ulna	  to	  measure	  the	  angle	  of	   the	   forearm	  relative	   to	   the	  horizontal	  plane.	   	  The	  proximal	  observer	   then	  instructs	  the	  distal	  observer	  to	  rotate	  the	  humerus	  internally	  or	  externally	  until	  the	  greater	  and	   lesser	   tubercles	  of	   the	  bicipital	  groove	  appear	  parallel	   to	   the	  probe	   in	  the	  ultrasound	  image9.	  	  The	  probe	  has	  an	  attached	  bubble-­‐level	  to	  it	  to	  ensure	  that	  the	  probe	  face	  is	  parallel	  to	  the	  horizontal	  plane.	  	  The	  angle	  that	  the	  forearm	  makes	  with	  the	  horizontal	  plane	  when	  the	  tubercles	  are	  aligned	  is	  considered	  the	  humeral	  torsion	  angle.	  Unlike	   radiographs,	   ultrasonographic	   methods	   require	   minimal	   setup	   and	  space	   to	   operate,	   making	   them	   cheap	   and	   portable	   compared	   to	   x-­‐ray	   and	   CT	  machines.	  	  They	  are	  comparatively	  simple	  to	  use,	  as	  the	  operator	  changes	  the	  probe	  orientation	  to	  capture	  the	  image	  rather	  than	  changing	  the	  patient	  orientation.	  	  The	  images	   are	   captured	   in	   real	   time,	   and	   the	   patient	   can	   be	   exposed	   to	   ultrasound	  “beams”	  for	  extended	  periods,	  as	  there	  is	  no	  ionization	  risk.	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Figure	  16:	  Torsion	  measurement	  system,	  ultrasound.	  	  This	  figure	  demonstrates	  the	  position	   of	   the	  patient	   and	   the	   two	  observers	   for	   ultrasound	  measurement	   as	  developed	  by	  Whiteley	  et	  al.	  	  
	   	  
Figure	  17:	  Ultrasound	  imaging	  of	  bicipital	  groove30.	  	  The	  image	  on	  the	  left	  shows	  the	   landmarks	   of	   the	   humerus	   used	   to	   determine	   the	   torsion	   angle	   for	   the	  ultrasound	  method.	  	  The	  image	  on	  the	  right	  demonstrates	  an	  actual	  output	  from	  the	  ultrasound	  machine.	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   There	  are,	  however,	  some	  drawbacks	  to	  this	  method	  of	  torsion	  measurement.	  	  First,	   ultrasound	   is	   a	   2-­‐dimensional	   technique	   being	   applied	   to	   a	   3-­‐dimensional	  concept.	   	   Accurate	   measurement	   of	   humeral	   torsion	   requires	   accurate	   patient	  positioning,	  such	   that	   the	  angle	  of	  abduction	  must	  be	  90°,	   and	   the	  angle	  of	   flexion	  must	  also	  be	  90°.	  	  This	  means	  that	  the	  measurement	  relies	  heavily	  on	  the	  ability	  of	  the	  observers	  to	  properly	  position	  the	  arm.	  	  It	  also	  assumes	  that	  the	  humeral	  central	  axis	   is	  consistent	  throughout	  the	  axial	   length	  of	  the	  bone	  and	  does	  not	  account	  for	  any	  pathology	   that	  might	   alter	   the	   structure	  of	   the	  bicipital	   groove.	   	   Lastly,	  probe	  placement	   is	   operator	   dependent,	   which	   could	   add	   variability	   to	   torsion	  measurements	  unless	  skilled	  operators	  are	  employed32.	  	  
5.	  Implementation:	  	   The	   purpose	   of	   this	   thesis	   is	   to	   assess	   two	   imaging	   modalities,	   CT	   and	  ultrasound	  for	  measuring	  humeral	  torsion,	  evaluating	  precision	  and	  applicability.	  	   Aim	  1:	  Develop	  a	  standard	  CT	  image-­based	  measurement	  protocol	  and	  
evaluate	  its	  precision	  after	  optimization.	  	  Initial	  Tubercle	  CT	  measurements	  will	  be	  made	  by	  allowing	  three	  observers	  to	  select	  two	  slices	  based	  on	  the	  quality	  of	  the	  landmark	   morphology	   in	   each	   slice.	   	   This	   is	   a	   “qualitative”	   method	   for	   assessing	  torsion	   and	   will	   be	   known	   as	   the	   Morphologic-­‐Assessment	   Tubercle	   Method.	  	  Secondary	  Tubercle	  CT	  measurements	  will	  be	  made	  by	  selecting	  specific	  landmarks	  proximally	   and	  distally	   and	  determining	   slice	   selection	  depending	  on	  which	   slices	  exhibit	  a	  superlative	  value	   in	  target	   landmark	  dimensions.	   	  This	   is	  a	  “quantitative”	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method	  for	  assessing	  torsion	  and	  will	  be	  known	  as	  the	  Landmark-­‐Specific	  Tubercle	  Method.	   	  Lastly,	  measures	  will	  be	  made	  by	  using	  a	  standard	  set	  of	  slices	  across	  all	  observers.	   	  This	   is	  a	   “uniform”	  method	   for	  assessing	   torsion	  and	  will	  be	  known	  as	  the	   Uniform-­‐Slice	   Tubercle	   Method.	   	   Standard	   error	   of	   measurement	   will	   be	  synonymous	  with	  precision.	  	   Aim	   2:	   Evaluate	   the	   reliability	   and	   precision	   of	   the	   ultrasound	  
technique.	   	   Ultrasound	   measures	   will	   be	   made	   by	   three	   unique	   observer	   pairs.	  	  Standard	   error	   of	   measurement	   will	   be	   synonymous	   with	   precision	   for	   this	  technique	  as	  well.	  	   Aim	  3:	  Compare	  the	  humeral	  torsion	  measurement	  acquired	  using	  both	  
the	  CT	  image-­based	  measurement	  protocol	  and	  the	  ultrasound	  technique.	  	  The	  ultrasound	   measures	   will	   be	   compared	   to	   each	   of	   the	   three	   types	   of	   Tubercle	  measures	   to	   determine	   whether	   the	   standardization	   process	   increases	   the	  correlation	   between	   the	   angle	   measures.	   ICC	   and	   SEM	   values	   will	   be	   evaluated	  between	  the	  CT	  methods	  and	  US	  values	  for	  humeral	  torsion.	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CHAPTER THREE: 
SPECIMEN CHARACTERISTICS 
 
6. Specimen Characteristics: 
Cadaver upper extremities for all experimental work were obtained from the 
Arizona School of Health Sciences (Eric L. Sauers), with disarticulation achieved by 
mid-clavicle bisection.  All extremities retained grossly normal musculoskeletal anatomy, 
including the bones and muscles of the shoulder, upper arm, forearm, and hand. 
Particularly relevant for this study is that each specimen had intact scapula and humerus 
bones, as well as intact rotator cuff, biceps, triceps and deltoid muscles.  Extremities with 
evidence of surgical rotator cuff repair or joint replacement, bisection of the mid-humerus, 
or those visibly damaged were excluded.   
The experimental population consisted of 12 upper extremities obtained from 8 
subjects, including five males (2 right arms, 3 bilateral pairs) and three females (1 left 
arm, 1 right arm, and 1 bilateral pair) (Table 1).  Subject age averaged 67 ±	  17 years 
(range, 40 to 89) at the time of death.  Two additional upper extremities with evidence of 
prior surgery were used as pilot specimens for preliminary testing proof-of-concept 
measurements, but are not included in the study data. Unique identifiers for each arm 
consisted of the subject number, laterality (left (L) or right (R)) and patient age (example: 
S050374L40M).  As all arms possessed a unique combination of age, laterality, and sex, 
the identifiers used in this study were abbreviated to include only those parameters 
(example: S050374L40M is abbreviated to 40LM). 
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Table 1: Patient demographics. This is a list of all the patient numbers for the cadaver 
arms acquired for this study.  The pathology was determined by gross examination and 
by CT analysis. 
Specimen	   Laterality	   Age	   Sex	   Pathology	  
S050363	   L	   62	   Male	   Severe	  OA	  
S050363	   R	   62	   Male	   Severe	  OA	  
S050374	   L	   40	   Male	   -­‐	  
S050374	   R	   40	   Male	   -­‐	  
S050385	   R	   63	   Male	   -­‐	  
S050396	   R	   60	   Male	   -­‐	  
S050396	   L	   60	   Male	   Fracture	  
S090927	   R	   80	   Male	   Mild	  OA	  
S090928	   R	   89	   Female	   Severe	  OA	  
S090935	   L	   78	   Female	   -­‐	  
S091207	   L	   83	   Female	   Mild	  OA	  
S091207	   R	   83	   Female	   Severe	  OA	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CHAPTER FOUR: 
EXPERIMENTAL IMAGING 
 
7. Computed Tomography (CT) Imaging: 
 CT images were acquired by a trained Radiologist Technician using the Philips 
Brilliance CT-64 CT scanner at the Patewood Radiology facility in Greenville, SC.  The 
individual upper extremities were placed on a solid base of ¼ inch thick acrylic sheet and 
securely immobilized into a fixed alignment position using plastic zip ties placed at the 
wrist, above and below the elbow joint, and distal to the bulk of the deltoid.  The arms 
were oriented in a supine position with the elbow joint in full extension and the shoulder 
joint in approximately neutral orientation.  The humerus and forearm were rotated such 
that axes defined by the epicondyles of the distal humerus and the styloid processes of the 
distal radius and ulna were approximately parallel to the acrylic base.  Folded towels 
under the scapula aided proper positioning.  
 Prior to imaging, each extremity was grossly aligned such that the longitudinal 
axis of the scanner gantry approximated the long axis of the humerus. This positioning 
was confirmed, and readjusted as necessary, using the laser crosshairs projected from the 
CT scanner and a scout planar image corresponding to anatomic frontal and sagittal 
planes of the arm.   
 Images were acquired proximal to distal with a slice thickness of 2mm and an 
image resolution of 2mm.  The CT images were converted to DICOM files and loaded 
onto DVDs for processing. 
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8. CT Realignment. 
 To nullify the expected effects alignment might have on the comparison data, the 
DICOM image sets were loaded one at a time into MIMICS 3-dimensional analysis 
software and reconstructed into a 3D model for processing by using a mask to isolate the 
humerus from the CT data (Figure 18). 
 
 
Figure 18: MIMICS bone masking and isolation.  The above image shows the coronal 
view of the humerus as constructed by the MIMICS bone mask.  The below image shows 
the sagittal view of the humerus. 
 
 
Figure 19: Bone length endpoints.  The red dot on the image on the left represents the 
proximal endpoint.  The red dot on the image on the right represents the distal endpoint 
used for the realignment. 
 
 To calculate the Boileau y-axis, a cylinder was fitted to the humeral shaft between 
20% and 40% of the proximal bone length.  Bone length was determined by placing a 
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point at either end of the long axis of the humerus.  The proximal point was placed at the 
apex of the spherical humeral head.  The distal point was placed in the center of the 
trochlea of the elbow (Figure 19). 
Two points were then placed so that their coordinates were exactly 20% and 40% 
of the distance between the end points in all three planes.  The axial slices coincident 
with these points were then isolated.  A best-fit circle was applied to the outer diameter of 
the bone shaft in each slice (Figure 20).  A line was then drawn between the midpoints of 
the two resultant circles to represent the midline of a best-fit cylinder.  This line was then 
extended to approximately 500mm to include the entire axial bone length.  Special care 
was taken to ensure that the end planes perpendicular to the new central axis were outside 
the humerus (Figure 21). 
 
Figure 20: Best fit circle of humeral shaft.  The red circle represents the distal end of 
the best-fit cylinder applied to the proximal humeral shaft. 
 
The reconstructed model was then separated into 2mm slices axially, 
perpendicular to the new y-axis (slice dimensions: 2mm thickness, 100mm width, 
100mm length) with a resolution of 0.1mm.  The new DICOM image sets were then 
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converted to TIF files by Image Converter Plus (Image Converter Plus, fCoder Group 
Inc.) for processing. 
 
Figure 23: Sagittal view of reconstructed axis.  The red line represents the central bone 
axis.  The two dots mid-humerus represent the 20 and 40% bone length markers used for 
the calculation of the best-fit cylinder. 
 
9. Novel Ultrasonographic Method: 
 After CT scanning, each individual arm was securely fastened to a ½ inch 
plywood board with two plastic zip ties, one distal to the bulk of the deltoid and one 
across the inferior angle of the scapula, to immobilize the shoulder in a supine position.  
The humerus was then abducted to 90°	   and	   the	   forearm	   was	   flexed	   to	   90°.	   	   An	  observer	   at	   the	   forearm,	   called	   the	   distal	   observer,	   placed	   a	   digital	   inclinometer	  against	  the	  ulna	  to	  measure	  the	  angle	  that	  forearm	  made	  with	  the	  vertical	  plane.	  	  An	  observer	  at	  the	  shoulder,	  called	  the	  proximal	  observer,	  placed	  an	  ultrasound	  probe	  with	  a	  bubble	  level	  attached	  anterior	  to	  the	  arm	  such	  that	  the	  probe	  was	  parallel	  to	  the	   horizontal	   plane,	   and	   the	   bicipital	   groove	   was	   visible.	   	   A	   surgical	   drape	   was	  placed	   vertically	   over	   the	   upper	   arm	   to	   obscure	   the	   proximal	   observer	   from	   the	  forearm.	   	   The	   proximal	   observer	   then	   instructed	   the	   distal	   observer	   to	   rotate	   to	  humerus	  internally	  or	  externally	  until	  the	  greater	  and	  lesser	  tubercles	  were	  parallel	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to	  the	  horizontal	  plane	  on	  the	  ultrasound	  screen.	  	  The	  resultant	  forearm	  angle	  was	  considered	  the	  torsion	  angle. 
 Three unique observer pairs completed three torsion measurements for each arm.  
The unique observer pairs consisted of two unique distal observers and two unique 
proximal observers. 
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CHAPTER FIVE: 
IMAGE ANALYSIS 
 
10. CT Image-Based Protocol: 
10.1 The Bisector Method.  The clinically accepted method of measuring 
humeral torsion via the CT image-based method involves the bisector axis.  The “bisector” 
is the line drawn between the anterior and posterior articulation notches.  The “bisector 
axis” is a second line drawn perpendicular to the bisector (Figure 10).  To this end, a 
proximal image set was created for each arm, which consisted of all slices that 
demonstrated “good articular notch definition”.  The proximal image for measurement 
was the middle image of each proximal set.  The distal image for each arm demonstrated 
the longest transepicondylar axis. 
Observers selected two points on each image.  Proximally, these points were the 
lateral borders of the anterior and posterior articulation notches, which constitute the 
endpoints of the bisector.  Distally, observers selected the medial and lateral extremities 
of the epicondyles, which constitute the endpoints of the transepicondylar axis.  A custom 
MATLAB graphical user interface (GUI) was used to generate the resultant bisector axis 
and also, to calculate the obtuse angle between the bisector and transepicondylar axes by 
converting the axes into vectors and using an inverse dot product association.  This angle 
is known as the bisector torsion angle. 
 To ensure that the code could accurately calculate torsion angles, a pilot protocol 
was devised to measure known angles using the MATLAB (MathWorks, Natick, MA) 
program.  A ruler was placed across the diameter of a rotating image stand (Figure 22). 
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The numbered edge of the ruler was aligned to the right of the 0°	  and	  180°	  markers	  on	  the	  circumference	  of	  the	  image	  stand.	  	  The	  stand	  was	  then	  set	  beneath	  a	  camera	  so	  that	   the	   ruler	   aligned	   north	   and	   south	   in	   the	   image	   field	   and	  was	   parallel	   to	   the	  camera	  lens,	  which	  was	  achieved	  by	  placing	  a	  bubble	  level	  on	  the	  back	  of	  the	  camera.	  	  This	  was	  considered	  the	  0°	  image.	  	  The	  stand	  was	  then	  rotated	  to	  10°,	  20°,	  45°,	  105°,	  and	  135°.	  	  Each	  observer	  was	  asked	  to	  measure	  the	  angle	  difference	  between	  the	  0°	  image	  and	  the	  subsequent	  images.	  	  The	  angles	  calculated	  from	  the	  pilot	  program	  can	  be	  seen	  in	  Table	  2.	  	  
	  
Figure	  22:	  	  Pilot	  protocol	  images.	  	  The	  image	  on	  the	  left	  represents	  the	  zero	  angle	  image	  and	  the	  image	  on	  the	  right	  represents	  the	  45°	  image	  for	  the	  pilot	  protocol.	  	  
Table	  2:	  Pilot	  protocol	  data.	  	  This	  table	  demonstrates	  the	  accuracy	  of	  the	  MATLAB	  program	   in	   measuring	   known	   angles.	   	   Note	   that	   the	   angles	   are	   always	   acute	   in	  keeping	  with	  the	  tubercle	  measurement	  of	  torsion.	  
Actual	  Angle	   Avg.	  Obs.	  Angle	  
10°	   10.05°	  
20°	   20.00°	  
45°	   44.98°	  
105°	   84.97°	  
135°	   44.97°	  
 
10.2 The Tubercle Method.  However, the bisector method uses a different 
proximal axis than the ultrasound method.  Therefore, in order to compare the data values 
for both ultrasound and CT, a tubercle method of measuring torsion was developed to act 
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as a bridge between the two using the same CT images and distal axis as the bisector 
method and the same proximal axis as the ultrasound method. 
The first step to create a standard tubercle method protocol was to determine a 
subjective starting point called the Morphologic Assessment Tubercle Method using the 
raw, unaligned DICOM sets.  Thus, ten slices were selected from the proximal humerus 
and ten from the distal humerus for each specimen.  Independently, observers were asked 
to select an optimal slice from the proximal set and an optimal slice from the distal set for 
each arm.  Observers were told that selection should be based on the definition of the 
proximal and distal morphology.  The proximal slice should exhibit prominent greater 
and lesser tubercles and a large bicipital groove.  The distal slice was to exhibit 
prominent medial and lateral epicondyles, as well as exhibiting substantial anterior-
posterior bone width. 
 
Figure 23:  Tubercle method axes.  The Tubercle-derived proximal axis is displayed in 
the image on the left, and the transepicondylar axis is displayed in the image on the right. 
 
 Selected images were uploaded into a custom MATLAB program (MATLAB, 
Nattick Mass.) one at a time starting with the proximal image.  Observers selected two 
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points on each image to define the appropriate axes: the apexes of the greater and lesser 
tubercles proximally, and the medial and lateral extremities of the epicondyles distally 
(Figure 23).  The selected axes were converted to vectors and the acute angle between 
them was calculated by using a dot-product association.  This was considered the torsion 
angle. 
The second step in standardization was to determine the effect of slice selection 
on the torsion angle.  To this end, a slice selection protocol was developed.  Three 
consecutive slices were selected proximally, and three consecutive slices were chosen 
distally according to the Morphologic-Assessment Method criteria for three arms, which 
results in nine unique slice pairs per arm.  Each distal slice was part of three unique pairs, 
and each proximal slice was part of three unique pairs.  Arm 40RM acted as the healthy 
representative, 62LM represented arms with evidence of osteoarthritis, and 60LM had 
evidence of a poorly set distal shaft fracture in the coronal plane.  Observers were asked 
to measure three trials of humeral torsion measurements for each unique slice pair. 
The third step of the standardization process was to create a quantitative 
assessment for slice selection post-alignment, which would be called the Landmark-
Specific Tubercle Method, to determine the effect of arm alignment on the data precision.  
According to the wishes of the Steadman Hawkins Clinic, which sponsored the research, 
the proximal image was to be the slice that demonstrated the greatest bicipital groove 
depth.  The distal image was to be the slice that demonstrated the greatest 
transepicondylar length. 
Therefore, a slice cohort consisting of approximately ten images per arm (five 
proximal and five distal) was assembled.  Slices were excluded from the cohort if they 
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showed a marked, visible decrease in either groove depth or epicondylar length in 
comparison with previously examined slices, or if they showed significant pathology 
(except in the case of 89RF and 83RF, where all slices showed severe osteoarthritis as 
shown in Figure 24). 
 
Figure 24: 89RF humeral head.  This figure demonstrates the poor bicipital groove 
definition of specimens with advanced or severe osteoarthritis.  The distal articulation 
grooves are slightly more defined but still obscured by osteophytes and osteolysis. 
 
 
Figure 25: Proximal and distal axes.  The blue line on the image on the left represents 
the distal axis.  The red line on the right represents the proximal axis.  The green line on 
the right represents the groove depth.  The magnitude of this line is used to determine the 
optimal slice. 
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Proximal image sets were then examined in a custom MATLAB graphical user 
interface (GUI).  Observers then examined the groove depth of each of the proximal 
slices by drawing the axis between the tubercles and then selecting a point, which they 
believed was the deepest part of the groove.  The program then calculated the distance 
between the point and the axis and displayed it on the image (Figure 25).   
Similarly, observers were asked to select the extremities of the medial and lateral 
epicondyles for each distal image.  The program then calculated the distance between the 
two points and displayed the axis on the image (Figure 25). 
The program then returned the proximal image with the greatest groove depth and 
the distal image with the longest transepicondylar axis.  The observers used this slice pair 
for torsion measurements using the same axes as qualitative slice selection.  Slice 
selection was done prior to each trial meaning that the optimal slice pair could vary 
between trials.  The torsion angle for these measurements was again considered the acute 
angle between vectors. 
After the optimal-slice torsion measurements were complete, observers were 
asked to complete torsion measurements using the slices immediately proximal and distal 
to the optimal proximal slice using the same distal slice for each measurement.  This 
resulted in three unique slice pairs per arm: proximal/optimal, optimal/optimal, and 
distal/optimal. 
The final step in standardization was to provide a uniform set of slices for both 
observers to measure, called the Uniform-Slice Tubercle Method, in order to determine 
the effect of user input error.  The uniform slices were selected based on two criteria: the 
maximum average values of groove depth or epicondylar length calculated during 
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Landmark-Specific selection, and a qualitative assessment by the primary observer to 
eliminate pathology wherever possible.  Observers were asked to measure the torsion 
angle between the optimal slices. 
Slice selection dependence was determined the same way as in the Landmark-
Specific Method. 
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CHAPTER FIVE: 
STATISTICAL ANALYSIS 
 
11. Bisector Angle. 
 The precision of the bisector method was calculated by examining the standard 
error of measurement (SEM) and using an interclass correlation coefficient (ICC) to 
examine if there was agreement between the two observers.  The difference between the 
torsion angles calculated by both observers was also examined.  The average difference 
was used to examine the repeatability of the measurement system. 
 The effect of slice selection was determined by calculating the difference between 
the median slice and the immediately adjacent slices.  The effect of pathology was 
determined by first using an F-test to determine if there was a significant difference 
between the variance of the angles of the pathologic and healthy subsets and a t-test to 
determine if there was a significant difference in the interobserver error.  The t-test was 
homoscedastic, as the variance did not prove to be significantly different, and it was 2-
tailed to determine whether the difference was larger or smaller. 
 
12. Tubercle Angle. 
 12.1 Morphologic-Assessment Method.  The precision of this method was 
determined by calculating the SEM and ICC to examine reliability and agreement 
between the observers.  The difference between each pair of observers was also 
calculated to examine the repeatability of the method. 
	  	   43	  
 The effect of slice selection was determined by using a Standard ANOVA table to 
compare the difference in the mean value calculated for each of the six unique subsets 
and to determine which group (proximal or distal) produced the largest variation.  Also, a 
2-tailed, homoscedastic t-test was used to determine if there was a significant difference 
between the measurements resulting from each subset. 
 
12.2 Landmark-Specific Method.  The precision of this method was determined 
by calculating the SEM and ICC to examine reliability and agreement between the 
observers.  The difference between each pair of observers was also calculated to examine 
the repeatability of the method.  The average interobserver difference was also compared 
to the average interobserver difference of the previous methods, bisector and 
morphologic assessment tubercle, using first an F-test and then a homoscedastic, 2-tailed 
t-test to determine if there was a significant difference. 
 The effect of slice selection was examined by calculating the angle difference, 
which resulted between the proximal and distal slices of the proximal subset.  If the 
average distance was greater than 5°,	   it	   would	   be	   considered	   a	   significant	   factor	   in	  determining	   the	   torsion	   angle,	   as	   5°	   is	   the	   minimal	   detectable	   change	   that	   the	  associated	   clinicians	   requested	   to	   be	   able	   to	   measure	   using	   the	   ultrasound	  technique. 
 
12.3 Uniform-Slice Method. The precision of this method was determined by 
calculating the SEM and ICC to examine reliability and agreement between the observers.  
The difference between each pair of observers was also calculated to examine the 
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repeatability of the method.  The average interobserver difference was also compared to 
the average interobserver difference of the previous methods, bisector, morphologic 
assessment tubercle, and landmark specific tubercle, using first an F-test and then a 
homoscedastic, 2-tailed t-test to determine if there was a significant difference. 
 The effect of slice selection was examined by calculating the angle difference, 
which resulted between the proximal and distal slices of the proximal subset.  If the 
average distance was greater than 5°,	   it	   would	   be	   considered	   a	   significant	   factor	   in	  determining	   the	   torsion	   angle,	   as	   5°	   is	   the	   minimal	   detectable	   change	   that	   the	  associated	   clinicians	   requested	   to	   be	   able	   to	   measure	   using	   the	   ultrasound	  technique. 
 
13. Bisector vs. Tubercle Method: 
 To measure the accuracy of the tubercle method in predicting the bisector angle, 
the corresponding angles for each arm were plotted against each other.  A linear 
regression model was fit to the plot, the trend-line was calculated, and the intercept of the 
trend-line was considered the “offset” between the angles on average.  Furthermore, the 
actual difference between the angles was calculated.  The SEM and an ICC were 
calculated to determine the agreement between the angles. 
 
14. Ultrasound vs. Tubercle Method: 
 To measure the accuracy of the ultrasound to predict the tubercle method derived 
angle, the corresponding angles for each arm were plotted against each other.  A linear 
regreesion model was fit to the plot, the trend-line was calculated, and the intercept of the 
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trend-line was considered the offset.  Also, the actual difference between the angles was 
calculated.  The SEM and an ICC were calculated to determine the agreement between 
the ultrasound angles and the tubercle angles.  To examine the effect of pathology on the 
correlation, a correlation constant was calculated for solely the healthy and mild 
osteoarthritis arms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	  	  	  	  
	  	   46	  
CHAPTER	  SIX:	  RESULTS	  
	  
15.	  	  Bisector	  Method:	  
Table	  3:	  Angle	  of	  Torsion,	  Bisector	  Method.	  Specimen	   Obs.	  1	  Avg.	   Obs.	  2	  Avg.	   Interobs.	  Diff	   Tot.	  Avg.	  40LM	   150.1°	   149.4°	   0.7°	   149.8°	  40RM	   146.3°	   145.6°	   0.6°	   146.0°	  60LM	   160.0°	   159.5°	   0.5°	   159.8°	  60RM	   146.3°	   144.6°	   1.7°	   145.4°	  62LM	   134.7°	   135.3°	   0.6°	   135.0°	  62RM	   146.3°	   143.7°	   2.6°	   145.0°	  63RM	   138.5°	   139.5°	   1.1°	   139.0°	  78LF	   153.0°	   153.3°	   0.3°	   153.2°	  80RM	   136.5°	   137.3°	   0.7°	   136.9°	  83LF	   146.4°	   145.6°	   0.8°	   146.0°	  83RF	   147.9°	   148.2°	   0.4°	   148.0°	  89RF	   153.4°	   154.2°	   0.8°	   153.8°	  
	  
	   15.1	  Torsion	  Angle.	  	  The	  average	  torsion	  angle	  measured	  using	  the	  bisector	  method	  was	  146.5°	  ±	  7.2°	  (range	  159.8°	  to	  135.0°)(Table	  3).	  	  The	  average	  difference	  between	   the	  measurements	  made	  by	   the	   two	  observers	  was	  0.9°.	   	   The	   ICC(2,1)	   for	  this	  data	  between	  observers	  was	  0.81.	  Arms	   that	   exhibited	  pathology	  had	   a	   similar	   variance	   using	   this	  method	   to	  healthy	  arms	  (F(1,11);	  P=0.35).	  	  Therefore,	  a	  1-­‐tail	  homoscedastic	  (equal	  variance)	  t-­‐test	   was	   used	   to	   determine	   that	   the	   interobserver	   difference	   for	   pathologic	   arms	  was	   not	   significantly	   greater	   than	   the	   interobserver	   difference	   for	   healthy	   arms	  (T(1,11);	  P=0.450).	  Gross	   examination	   of	   the	   data	   revealed	   that	   the	   difference	   between	   the	  median	  slice	  torsion	  angle	  and	  the	  humeral	  torsion	  angles	  for	  adjacent	  slices	  never	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differed	  by	  more	  than	  2°	  in	  any	  case	  for	  either	  observer,	  including	  arms	  with	  severe	  osteoarthritis.	  
	  
16.	  Morphologic-­Assessment	  Method:	  
Table	  4:	  Morphologic-­Assessment	  Method,	  Angle	  of	  Torsion.	  
Specimen	   Pathology	   Obs.	  1	  Avg.	   Obs.	  2	  Avg.	   Obs.	  3	  Avg.	   Tot.	  Avg.	  
40LM	   -­‐	   42.6°	  ±	  1.1°	   38.7°	  ±	  0.4°	   38.2°	  ±	  0.6°	   39.9°	  ±	  2.2°	  
40RM	   -­‐	   37.2°	  ±	  0.8°	   37.7°	  ±	  0.9°	   28.3°	  ±	  0.5°	   34.4°	  ±	  4.6°	  
60RM	   -­‐	   29.9°	  ±	  0.7°	   26.6°	  ±	  1.4°	   21.1°	  ±	  1.3°	   25.9°	  ±	  4.0°	  
63RM	   -­‐	   30.8°	  ±	  0.8°	   32.9°	  ±	  1.0°	   32.0°	  ±	  0.8°	   31.9°	  ±	  1.2°	  
78LF	   -­‐	   46.3°	  ±	  0.7°	   39.6°	  ±	  0.7°	   39.6°	  ±	  2.1°	   41.9°	  ±	  3.5°	  
Healthy	  Avg.	   	   37.4°	  ±	  7.2°	   35.1°	  ±	  5.5°	   31.9°	  ±	  7.6°	   34.8°	  ±	  6.4°	  
	  	   	   	   	   	   	  	  
60LM	   Fracture	   42.9°	  ±	  0.6°	   42.9°	  ±	  0.9°	   36.0°	  ±	  1.4°	   40.6°	  ±	  3.6°	  
80RM	   Mild	  OA	   19.7°	  ±	  0.4°	   21.5°	  ±	  0.3°	   17.8°	  ±	  1.0°	   19.7°	  ±	  1.7°	  
83LF	   Mild	  OA	   31.9°	  ±	  1.0°	   31.2°	  ±	  0.4°	   24.1°	  ±	  1.0°	   29.1°	  ±	  3.8°	  
62LM	   Severe	  OA	   31.1°	  ±	  0.5°	   37.5°	  ±	  0.3°	   29.0°	  ±	  0.4°	   32.5°	  ±	  3.8°	  
62RM	   Severe	  OA	   19.6°	  ±	  1.0°	   37.4°	  ±	  1.0°	   33.6°	  ±	  0.9°	   30.2°	  ±	  8.1°	  
83RF	   Severe	  OA	   26.8°	  ±	  0.8°	   26.6°	  ±	  0.6°	   21.5°	  ±	  0.9°	   25.0°	  ±	  2.7°	  
89RF	   Severe	  OA	   33.8°	  ±	  3.3°	   29.4°	  ±	  0.2°	   43.1°	  ±	  0.8°	   35.4°	  ±	  6.3°	  
Path.	  Avg.	   	   29.4°	  ±	  8.2°	   32.4°	  ±	  7.3°	   29.3°	  ±	  8.9°	   30.3°	  ±	  6.8°	  
	  	   	   	   	   	   	  	  
Tot.	  Avg.	   	  	   32.7°	  ±	  8.5°	   32.7°	  ±	  6.5°	   30.4°	  ±	  8.1°	   32.2°	  ±	  6.7°	  
	  
	   16.1	   Torsion	   Angle.	   	   The	   average	   humeral	   torsion	   angle	   for	   the	  morphologic-­‐assessment	  method	  was	  32.2°	  ±	  6.7°	   (range	  25.0°	   to	  41.9°)(Table	  4).	  	  This	   is	   consistent	   with	   literature	   values	   stating	   that	   the	   average	   adult	   humeral	  torsion	   is	  somewhere	  between	  25°	  and	  35°.	   	  The	  average	   interobserver	  difference	  was	   5.3°	   (range	   1.4°	   to	   11.8°)(Table	   5).	   	   The	   variance	   for	   the	   morphologic-­‐assessment	  tubercle	  method	  was	  significantly	  different	  (F(1,11);	  P=2.05e-­‐5)	  from	  the	  variance	  using	   the	  bisector	  method.	   	  The	  average	  difference	  was	  also	   significantly	  larger	   for	   the	   morphologic-­‐assessment	   method	   than	   the	   bisector	   method	   (T(1,11);	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P=0.00012).	   	  There	  was	  no	   significant	  difference	   in	   the	   average	  variance	  between	  the	  healthy	  and	  pathologic	  arms	  (F(1,11);	  P=0.372).	   	  Also,	   the	  average	  difference	  for	  pathologic	  arms	  was	  not	  significantly	   larger	  than	  the	  average	  difference	  of	  healthy	  arms	   (T(1,11);	   P=0.141).	   	   The	   ICC(2,1)	   for	   this	   method	   to	   examine	   the	   agreement	  between	  the	  observers	  was	  0.84.	  	  
Table	   5:	   Interobserver	   difference,	   Morphologic-­Assessment.	   	   Observer	  differences	   are	   denoted	   by	   the	   observer	   pair	   examined,	   i.e.	   ½	   is	   the	   difference	  between	  observer	  1	  and	  observer	  2.	  
Specimen	   Obs.	  Diff.	  1/2	   Obs.	  Diff.	  1/3	   Obs.	  Diff.	  2/3	   Tot.	  Avg.	  Diff.	  
40LM	   3.9°	   4.4°	   0.5°	   2.9°	  
40RM	   0.4°	   9.0°	   9.4°	   6.3°	  
60RM	   3.3°	   8.7°	   5.5°	   5.8°	  
63RM	   2.1°	   1.3°	   0.8°	   1.4°	  
78LF	   6.7°	   6.7°	   0.0°	   4.5°	  
Healthy	  Avg.	   3.3°	   6.0°	   3.2°	   4.2°	  
	  	   	   	   	   	  	  
60LM	   0.1°	   6.8°	   6.9°	   4.6°	  
80RM	   1.8°	   1.9°	   3.7°	   2.4°	  
83LF	   0.7°	   7.8°	   7.2°	   5.2°	  
62LM	   6.4°	   2.1°	   8.5°	   5.7°	  
62RM	   17.7°	   13.9°	   3.8°	   11.8°	  
83RF	   0.2°	   5.4°	   5.2°	   3.6°	  
89RF	   4.4°	   9.3°	   13.7°	   9.1°	  
Path.	  Avg.	   4.5°	   6.8°	   7.0°	   6.1°	  
	  	   	   	   	   	  	  
Tot.	  Avg.	   4.0°	   6.4°	   5.4°	   5.3°	  	  	   16.2	   Slice	   Selection	   Dependence.	   	   Only	   one	   arm	   had	   the	   same	   proximal	  slice	  selected	  by	  all	  three	  observers,	  although	  nine	  arms	  had	  at	  least	  two	  observers	  pick	  the	  same	  slice.	  	  The	  largest	  difference	  between	  proximal	  slices	  was	  6	  mm	  (slice	  33	   to	   slice	   36	  on	  62RM,	   and	   slice	   24	   to	   slice	   27	  on	  80RM,	   both	  pathologic	   arms).	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62RM	   demonstrated	   the	   largest	   standard	   deviation	   (8.1°)	   and	   also	   the	   greatest	  average	  interobserver	  difference.	  	   On	   the	   contrary,	   all	   three	  observers	   selected	   the	   same	  distal	   slice	   for	   three	  arms	  and	  at	   least	   two	  observers	  selected	   the	  same	  slice	   for	   ten	  arms.	   	  The	   largest	  difference	  between	  slices	  was	  8	  mm	  (slice	  191	  to	  slice	  195	  for	  63RM,	  a	  healthy	  arm).	  	  63RM	  had	   a	   standard	  deviation	  of	   1.2°	   and	   an	   average	   interobserver	  deviation	  of	  1.4°	  
	  
Figure	   26:	   Morphologic-­Assessment	   Tubercle	   Method	   Torsion.	   	   This	   figure	  demonstrates	  the	  three	  average	  values	  calculated	  for	  each	  arm.	  	  Note	  that	  specimen	  12	  (89RF)	  and	  specimen	  10	  (62RM)	  show	  large	  spaces	  between	  data	  points.	  	  	   Each	   arm	  had	   two	   sets	   of	   data:	   proximal	   and	  distal.	   	   The	  proximal	   set	  was	  created	   by	   holding	   the	   proximal	   image	   constant	   and	   varying	   the	   distal	   slice	   to	  calculate	  the	  average	  value	  for	  each	  of	  the	  three	  proximal	  images,	  and	  the	  distal	  set	  was	   created	   by	   doing	   exactly	   the	   opposite.	   	   Each	   set	   was	   then	   split	   into	   three	  subsets:	   proximal	   image,	   optimal	   image,	   and	   distal	   image,	   according	   to	   the	   order	  they	  appeared	  axially.	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   There	   was	   no	   difference	   in	   the	   torsion	   angle	   variances	   between	   the	   three	  subsets	   proximally	   (proximal/optimal,	   P=0.548;	   proximal/distal,	   P=0.120;	  optimal/distal,	   P=0.327).	   	   However,	   the	   torsion	   angle	   difference	   between	   each	  proximal	   data	   subset	   was	   statistically	   significant	   (2-­‐tail,	   paired	   t-­‐test:	   P=0.0003,	  
P=0.026,	  P=0.0028	  respectively),	  even	  though	  the	  slices	  were	  only	  2mm	  apart.	  	  This	  effect	  is	  demonstrated	  in	  Figure	  27.	  	  
Table	  6:	  Slice	  Selection,	  Morphologic	  Assessment.	   	  This	  table	  shows	  the	  optimal	  slice	   selection	   as	   chosen	   by	   the	   three	   independent	   observers	   based	   on	   the	  morphologic-­‐assessment	  criteria.	   	  Subsets	   that	  consist	  of	   the	  same	  three	  slices	  are	  highlighted	  in	  yellow.	  
Specimen	   Prox.	   Obs.	  
1	  
Prox.	   Obs.	  
2	  
Prox.	   Obs.	  
3	  
Dist.	   Obs.	  
1	  
Dist.	   Obs.	  
2	  
Dist.	   Obs.	  
3	  
40LM	   34	   33	   33	   185	   185	   184	  
40RM	   40	   39	   39	   190	   189	   189	  
60LM	   38	   38	   36	   187	   187	   186	  
60RM	   47	   47	   45	   195	   195	   191	  
62LM	   29	   31	   28	   173	   173	   174	  
62RM	   33	   36	   36	   178	   179	   177	  
63RM	   37	   38	   37	   190	   190	   187	  
78LF	   41	   40	   40	   167	   167	   167	  
80RM	   25	   27	   24	   167	   166	   165	  
83LF	   34	   33	   32	   177	   177	   177	  
83RF	   53	   53	   55	   194	   194	   194	  
89RF	   25	   25	   25	   166	   166	   165	  	  	   The	  torsion	  angle	  variance	  did	  not	  differ	  for	  any	  of	  the	  distal	  subsets	  either	  (proximal/optimal,	   P=0.985;	   proximal/distal,	   P=0.716;	   optimal/distal,	   P=0.703).	  	  Likewise,	   there	  was	  no	  significant	  difference	   in	   the	   torsion	  angle	  between	  subsets	  (proximal/optimal,	   P=0.161;	   proximal/distal,	   P=0.235;	   optimal/distal,	   P=0.926).	  	  This	  effect	  is	  demonstrated	  in	  Figure	  28.	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Figure	   27:	   Proximal	   Slice	   Dependence.	   	   This	   figure	   shows	   the	   three	   proximal	  subsets	  for	  each	  arm.	  	  It	  demonstrates	  that	  there	  is	  a	  general	  increase	  in	  the	  torsion	  from	  proximal	  to	  distal	  along	  the	  length	  of	  the	  groove.	  	  Slice	  1	  and	  3	  are	  only	  4	  mm	  apart.	  	  
	  
	  
Figure	  28:	  Distal	  Slice	  Dependence.	  	  This	  figure	  shows	  the	  three	  distal	  subsets	  for	  each	   arm.	   	   It	   demonstrates	   that	   distal	   slice	   selection	   has	   little	   to	   no	   effect	   on	   the	  resultant	  torsion	  angle.	  
	  
17.	  Landmark-­Specific	  Tubercle	  Method:	  
17.1	   Torsion	   Angle.	   	   The	   average	   torsion	   angle	   for	   the	   landmark-­‐specific	  method	   observations	  was	   33.2°	   ±	   7.9°	   (range	   from	   17.7°	   to	   45.1°).	   	   This	   is	   again	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consistent	  with	  the	  literature	  as	  it	  falls	  between	  25°	  and	  35°	  degrees	  of	  torsion.	  	  The	  average	   interobserver	   difference	   was	   0.8°	   (range	   4.9°	   to	   0.1°)(Table	   7).	   	   The	  variance	   acquired	   from	   this	   method	   was	   significantly	   different	   from	   the	   bisector	  method	   (F(1,21)=;	   P=2.3e-­‐5)	   but	   not	   from	   the	   morphologic-­‐assessment	   tubercle	  method	   (T(1,21)=;	   P=0.068).	   	   The	   interobserver	   difference	   was	   significantly	   larger	  than	   that	   measured	   in	   the	   bisector	   method	   (1-­‐tailed,	   heteroscedastic	   t-­‐test,	  
P=0.027)	   but	   significantly	   smaller	   than	   that	   measured	   in	   the	   morphologic	  assessment	   method	   (P=0.0011).	   	   There	   was	   no	   significant	   difference	   (F(1,11)=;	  
P=0.094)	   between	   the	   variance	   of	   the	   pathologic	   and	   healthy	   arms	   and	   also	   no	  difference	   in	   the	   average	   interobserver	   difference	   (2-­‐tail,	   homoscedastic	   t-­‐test,	  
P=0.285).	  	  
Table	  7:	  Landmark-­Specific	  Method,	  Angle	  of	  Torsion.	  
Specimen	   Pathology	   Bryan	  AVG	   ALEX	  AVG	   Total	  AVG	   Int.	  Obs.	  Diff.	  
40LM	   -­‐	   31.9°	  ±	  0.7°	   36.0°	  ±	  2.9°	   34.0°	  ±	  2.9°	   4.1°	  
40RM	   -­‐	   35.8°	  ±	  0.6°	   32.3°	  ±	  3.8°	   34.0°	  ±	  3.1°	   3.5°	  
60RM	   -­‐	   32.1°	  ±	  0.3°	   31.9°	  ±	  0.4°	   32.0°	  ±	  0.3°	   0.1°	  
63RM	   -­‐	   29.7°	  ±	  0.5°	   30.0°	  ±	  0.6°	   29.9°	  ±	  0.5°	   0.3°	  
78LF	   -­‐	   42.7°	  ±	  1.0°	   47.6°	  ±	  3.5°	   45.1°	  ±	  3.5°	   4.9°	  
Healthy	  
Avg.	   	   34.4°	  ±	  5.1°	   35.6°	  ±	  7.0°	   35.0°	  ±	  5.9°	   2.0°	  
	  	   	   	   	   	   	  	  
60LM	   Fracture	   41.6°	  ±	  2.6°	   43.6°	  ±	  0.3°	   42.6°	  ±	  2.0°	   2.0°	  
80RM	   Mild	  OA	   16.1°	  ±	  3.1°	   19.3°	  ±	  3.4°	   17.7°	  ±	  3.4°	   0.7°	  
83LF	   Mild	  OA	   24.3°	  ±	  0.5°	   24.4°	  ±	  1.3°	   24.3°	  ±	  0.9°	   1.1°	  
62LM	   Severe	  OA	   36.9°	  ±	  1.8°	   37.5°	  ±	  0.9°	   37.2°	  ±	  1.3°	   3.2°	  
62RM	   Severe	  OA	   35.0°	  ±	  0.6°	   33.9°	  ±	  2.3°	   34.5°	  ±	  1.6°	   0.1°	  
83RF	   Severe	  OA	   25.8°	  ±	  1.4°	   27.3°	  ±	  0.6°	   26.6°	  ±	  1.3°	   1.5°	  
89RF	   Severe	  OA	   41.8°	  ±	  1.2°	   39.8°	  ±	  2.7°	   40.8°	  ±	  2.2°	   2.0°	  
Path.	  Avg.	   	   31.6°	  ±	  9.8°	   32.3°	  ±	  8.9°	   31.9°	  ±	  9.3°	   0.8°	  
	  	   	   	   	   	   	  	  
Tot.	  Avg.	   	  	   32.8	  °±	  8.0°	   33.6°	  ±	  8.0°	   33.2°	  ±	  7.9°	   0.8°	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Figure	  29:	  Humeral	  Torsion,	  Landmark-­Specific	  Tubercle	  Method.	   	  This	  figure	  demonstrates	  the	  two	  average	  values	  calculated	  for	  each	  arm.	  	  The	  largest	  gap	  is	  in	  Specimen	  5	  (78LF).	  	  	   17.2	   Slice	   Selection	   Dependency.	   	   No	   arm	  had	   all	   six	   observations	  made	  using	  the	  same	  proximal	  slice.	  	  Three	  arms	  had	  all	  but	  one	  of	  the	  observations	  made	  with	   the	   same	   slice,	   although,	   this	   did	   not	   appear	   to	   affect	   the	   torsion	   angle	  difference.	  	  The	  average	  interobserver	  difference	  was	  6.5°	  (range	  1.5°	  to	  16.6°)(Table	  8).	   	   There	   was	   no	   significant	   difference	   in	   variance	   between	   the	   pathologic	   and	  healthy	   arm	   sets	   (F(1,11)=;	   P=0.219),	   and	   also	   no	   significant	   difference	   in	   the	  interobserver	  difference	  between	  pathologic	  and	  healthy	  sets	  (2-­‐tail,	  homoscedastic	  t-­‐test,	  P=0.144).	  	   However,	  there	  was	  a	  significant	  difference	  between	  the	  proximal	  values	  and	  the	  optimal	  values	  (2-­‐tail,	  paired	  t-­‐test,	  T(1,21)=;	  P=0.041),	  between	  the	  optimal	  and	  distal	  values	  (T(1,21)=;	  P=0.0056),	  and	  a	  as	  expected,	  a	  significant	  difference	  between	  the	   proximal	   and	   distal	   values	   (F(1,21)=;	   P=0.0034).	   	   This	   again	   suggests	   that	   the	  torsion	  angle	  is	  dependent	  on	  optimal	  slice	  selection.	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Table	  8:	  Torsion	  Angle	  Slice	  Dependence,	  Landmark-­Specific	  Tubercle	  Method.	  	  This	  table	  displays	  the	  values	  of	  torsion	  based	  on	  the	  optimal	  slice	  selection	  process.	  	  It	   is	   important	  to	  note	  that	  in	  all	  cases,	  the	  angle	  increases	  from	  proximal	  to	  distal	  except	  in	  the	  case	  of	  one	  arm,	  83RF.	  
Specimen	   Proximal	   Optimal	   Distal	   Difference	  
40LM	   20.7°	   34.0°	   37.3°	   16.6°	  
40RM	   31.5°	   34.0°	   37.6°	   6.1°	  
60RM	   30.1°	   32.0°	   32.2°	   2.1°	  
63RM	   25.7°	   29.9°	   31.6°	   5.9°	  
78LF	   36.9°	   45.1°	   52.0°	   15.1°	  
60LM	   41.3°	   42.6°	   42.9°	   1.6°	  
80RM	   9.3°	   17.7°	   21.5°	   12.2°	  
83LF	   21.8°	   24.3°	   27.2°	   5.4°	  
62LM	   34.5°	   37.2°	   39.3°	   4.7°	  
62RM	   33.0°	   34.5°	   34.5°	   1.5°	  
83RF	   26.4°	   26.6°	   22.7°	   3.7°	  
89RF	   37.9°	   40.8°	   41.3°	   3.4°	  
Tot	  Avg.	   29.1°	  ±	  8.9°	   33.2°	  ±	  7.9°	   35.0°	  ±	  8.7°	   6.5°	  ±	  5.2°	  	  
	  
Figure	  30:	  Slice	  Dependence,	  Landmark-­Specific	  Tubercle	  Method.	  	  This	  graph	  demonstrates	   the	   proximal,	   optimal	   and	   distal	   values	   obtained	   through	   by	   the	  landmark-­‐specific	  method.	  	  The	  proximal	  and	  distal	  values	  are	  denoted	  by	  the	  error	  bars.	   	   In	   11	   of	   the	   12	   cases,	   the	   proximal	   value	   is	   the	   negative	   error	   bar	   and	   the	  distal	  value	  is	  the	  positive	  error	  bar.	  	  In	  one	  case,	  marked	  in	  red,	  the	  negative	  error	  bar	  is	  the	  distal	  value	  and	  the	  positive	  error	  bar	  is	  the	  proximal	  value.	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18.	  Uniform-­Slice	  Tubercle	  Method:	  
Table	  9:	  Uniform-­Slice	  Method,	  Angle	  of	  Torsion.	   	  This	  table	  demonstrates	  that	  the	   difference	   between	   the	   angles	   is	   minute	   in	   comparison	   with	   the	   previous	  tubercle	  methods,	  which	  follows,	  as	  the	  observers	  were	  using	  the	  exact	  same	  slices.	  
Specimen	   Pathology	   Obs.	  1	  Avg.	   Obs.	  2	  Avg.	   Tot.	  Avg.	   Int.	  Obs.	  Diff.	  
40LM	   -­‐	   40.4°	  ±	  0.4°	   40.3°	  ±	  0.9°	   40.3°	  ±	  0.6°	   0.1°	  
40RM	   -­‐	   35.4°	  ±	  0.5°	   35.7°	  ±	  1.0°	   35.5°	  ±	  0.8°	   0.3°	  
6ORM	   -­‐	   32.3°	  ±	  0.6°	   33.0°	  ±	  1.4°	   32.6°	  ±	  1.0°	   0.3°	  
63RM	   -­‐	   29.7°	  ±	  0.4°	   30.2°	  ±	  1.1°	   29.9°	  ±	  0.8°	   0.1°	  
78LF	   -­‐	   43.5°	  ±	  0.9°	   46.1°	  ±	  1.0°	   44.8°	  ±	  1.7°	   0.4°	  
Healthy	  Avg.	   	   36.3°	  ±	  5.7°	   37.1°	  ±	  6.3°	   36.7°	  ±	  6.0°	   0.1°	  
	  	   	   	   	   	   	  	  
6OLM	   Fracture	   43.1°	  ±	  0.8°	   46.8°	  ±	  8.1°	   45.0°	  ±	  5.6°	   0.9°	  
80RM	   Mild	  OA	   19.7°	  ±	  0.6°	   20.4°	  ±	  2.4°	   20.1°	  ±	  1.6°	   0.7°	  
83LF	   Mild	  OA	   24.5°	  ±	  1.0°	   25.7°	  ±	  1.5°	   25.1°	  ±	  1.3°	   2.6°	  
62LM	   Severe	  OA	   35.6°	  ±	  0.0°	   35.4°	  ±	  1.1°	   35.5°	  ±	  0.7°	   0.7°	  
62RM	   Severe	  OA	   34.4°	  ±	  0.2°	   34.6°	  ±	  0.9°	   34.5°	  ±	  0.6°	   1.2°	  
83RF	   Severe	  OA	   27.8°	  ±	  1.0°	   27.2°	  ±	  2.2°	   27.5°	  ±	  1.5°	   0.6°	  
89RF	   Severe	  OA	   43.0°	  ±	  0.3°	   43.5°	  ±	  0.5°	   43.3°	  ±	  0.4°	   0.5°	  
Path.	  Avg.	   	   32.6°	  ±	  9.0°	   33.3°	  ±	  9.6°	   33.0°	  ±	  9.3°	   0.6°	  
	  	   	   	   	   	   	  	  
Tot.	  Avg.	   	  	   34.1°	  ±	  7.7°	   34.9°	  ±	  8.3°	   34.5°	  ±	  8.0°	   0.4°	  
	  
	   18.1	  Torsion	  Angle.	  	  The	  average	  torsion	  angle	  for	  the	  uniform	  assessment	  was	   34.5°	   ±	   8.0°	   (range	   20.1°	   to	   45.0°).	   	   The	   average	   interobserver	   difference	   was	   0.7°	  (range	   0.1°	   to	   2.6°)(Table	   9).	   	   The	   variance	   of	   this	   difference	   was	   no	   different	   than	   the	  variance	   of	   the	   bisector	   data	   (F(1,21)=;	  P=0.917),	   but	   it	  was	   significantly	   smaller	   than	   the	  landmark-­‐specific	   tubercle	  method	  (T(1,21)=;	  P=0.0073).	   	  The	   interobserver	  difference	  was	  significantly	  lower	  for	  the	  uniform	  method	  (T(1,21)=;	  P=0.0269)	  than	  the	  landmark-­‐specific	  method,	   but	   there	   was	   no	   difference	   from	   the	   bisector	   method	   (T(1,21)=;	   P=0.488).	   	   The	  variance	  for	  the	  pathologic	  arms	  was	  significantly	  larger	  than	  the	  healthy	  arms	  in	  this	  case	  (F(1,11)=;	  P=0.0054).	  	  Equally	  so,	  the	  interobserver	  difference	  was	  significantly	  larger	  for	  the	  pathologic	   arms	   in	   comparison	  with	   the	  healthy	   arms	   (T(1,11)=;	  P=0.319).	   	   The	   ICC(2,1)	   for	  this	  method	  was	  0.99.	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   18.2	   Slice	   Selection	  Dependence.	   	  As	   the	  name	   implies,	   the	   three	  subsets	  (proximal,	   optimal,	   and	   distal)	   are	   uniform.	   	   The	   average	   difference	   between	   the	  proximal	  and	  distal	   images	  was	  5.2°	  (range	  0.3°	  to	  16.1°)(Table	  10).	   	  The	  variance	  was	  not	   significantly	   different	   for	   any	   one	   of	   the	   three	   subsets,	   however,	   the	   proximal	   image	  values	  were	  significantly	  different	  from	  the	  optimal	  image	  values	  (P=0.0040)	  and	  from	  the	  distal	   values	   (P=0.0069).	   	   Thee	   was	   no	   significant	   distal	   between	   the	   optimal	   and	   distal	  subsets	   (P=0.115).	   	   Additionally,	   there	   was	   no	   significant	   difference	   in	   the	   variance	   or	  values	  between	  the	  healthy	  and	  pathologic	  arms	  (P=0.231	  and	  P=0.343	  respectively).	  	   Several	   arms	  exhibited	  a	  decrease	   in	   torsion	  angle	   from	  proximal	   to	  distal	   for	   the	  Uniform	   Slice	   Tubercle	   method	   that	   showed	   an	   increase	   from	   proximal	   to	   distal	   in	   the	  Landmark-­‐Specific	  Tubercle	  Method.	   	  Additionally,	   several	  arms	  showed	  an	   increase	   from	  proximal	  to	  optimal	  slice,	  but	  then	  a	  decrease	  from	  optimal	  to	  distal	  slices.	  	  
Table	  10:	  Torsion	  Angle	  Slice	  Dependence,	  Uniform-­Slice	  Tubercle	  Method.	  	  It	  should	  be	  noted	  that	  several	  of	  the	  arms	  exhibited	  small	  changes	  from	  proximal	  to	  distal,	  and	  in	  some	  cases,	   there	  was	  an	  decrease	   in	  torsion	  angle	   from	  proximal	  to	  distal,	   which	   was	   not	   consistent	   with	   the	   Landmark-­‐Specific	   Tubercle	   Method	  dependency	  experiment.	  
Specimen	   Proximal	   Optimal	   Distal	   Difference	  
40LM	   37.9°	   40.3°	   42.5°	   4.6°	  
40RM	   31.7°	   35.5°	   38.2°	   6.5°	  
6ORM	   31.5°	   32.6°	   32.2°	   0.6°	  
63RM	   26.0°	   30.0°	   31.6°	   5.6°	  
78LF	   36.1°	   44.8°	   52.2°	   16.1°	  
6OLM	   44.4°	   45.0°	   44.7°	   0.3°	  
80RM	   14.1°	   20.1°	   23.5°	   9.4°	  
83LF	   21.9°	   25.1°	   28.6°	   6.7°	  
62LM	   32.1°	   35.5°	   38.3°	   6.2°	  
62RM	   32.8°	   34.5°	   34.5°	   1.7°	  
83RF	   25.3°	   27.5°	   22.7°	   2.6°	  
89RF	   41.3°	   43.3°	   43.0°	   1.7°	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Figure	  31:	   Slice	  Dependence,	  Uniform	  Slice	  Tubercle	  Method.	   	  This	  shows	  the	  optimal	  torsion	  slice	  values	  as	  blue/red	  dots.	  	  The	  proximal	  values	  are	  the	  negative	  error	  bars,	  and	  the	  distal	  values	  are	  the	  negative	  error	  bars.	  	  However,	  several	  arms,	  denoted	  in	  red,	  did	  not	  have	  an	  angle	  increase	  from	  proximal	  to	  distal.	  
	  
Figure	   32:	   Bisector	   vs.	   Tubercle	   Torsion	   Angles.	   	   This	   shows	   the	   comparison	  between	  the	  values	  obtained	  by	  the	  Uniform	  Slice	  Tubercle	  Method	  and	  the	  Bisector	  method.	  	  There	  is	  a	  poor	  correlation	  between	  the	  two	  measurement	  systems.	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   18.3	   Bisector-­Tubercle	   Correlation.	   	  The	  average	  difference	  between	   the	  torsion	   from	   the	   bisector	   assessment	   and	   the	   torsion	   from	   the	   uniform	   tubercle	  assessment	   was	   111.5°	   ±	   11.4°	   (range	   98.1°	   to	   128.1°).	   	   The	   data	   can	   be	   seen	  graphed	  in	  Figure	  32.	  	  The	  R2	  value	  is	  0.013,	  which	  suggests	  a	  very	  poor	  correlation	  between	  the	  angle	  measurements,	  however,	  when	  the	  arm	  displaying	  a	  distal	  break	  is	  removed,	  the	  R2	  value	  increases	  to	  0.335.	  	  It	  should	  also	  be	  noted	  that	  the	  ICC(2,k)	  between	  the	  tubercle	  angle	  and	  the	  bisector	  angle	  is	  0.57	  for	  all	  arms.	  	  However,	  this	  decreases	   for	   arms	  with	   severe	   pathology	   (ICC(2,k)=0.274)	   and	   increases	   for	   arms	  considered	  healthy	  or	  mildly	  pathologic	  (ICC(2,k)=0.776).	  	  
19.	  	  Ultrasound:	  
	   The	  average	  torsion	  angle	  calculated	  by	  the	  ultrasound	  method	  was	  32.3°	  ±	  8.5°	  with	  a	  range	  of	  18.9°	  to	  47.6°.	   	  The	  average	  difference	  between	  observers	  was	  1.1°	   (range	   0.3°	   to	   2.7°).	   	   There	   was	   no	   significant	   difference	   in	   the	   variances	  between	  healthy	  and	  pathologic	  arms	  (F(1,11)=;	  P=0.087)	  and	  no	  significant	  difference	  in	   the	   interobserver	   difference	   between	   healthy	   and	   pathologic	   arms	   (T(1,11)=;	  
P=0.526).	   	   There	   was	   no	   significant	   difference	   between	   the	   varainaces	   of	   the	  ultrasound	   method	   and	   either	   the	   bisector	   method	   or	   the	   uniform-­‐slice	   tubercle	  method.	   	   Equally	   so,	   there	   was	   no	   significant	   difference	   in	   the	   interobserver	  difference	   values	   themselves	   (T(1,21)=;	   P=0.532	   compared	   to	   the	   bisector	   method,	  and	  T(1,21)=;	  P=0.213	   for	   the	  uniform–slice	   tubercle	  method).	   	   The	   ICC(2,1)	   for	   the	  interobserver	  agreement	  was	  0.99.	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Table	  11:	  Torsion	  Angle,	  Ultrasound.	  
Specimen	   Pair	  1	  Avg.	   Pair	  2	  Avg.	   Pair	  3	  Avg.	   Tot.	  Avg.	  
62LM	   35.3°	  ±	  0.1°	   34.1°	  ±	  0.2°	   34.7°	  ±	  2.0°	   34.7°	  ±	  1.1°	  
62RM	   37.3°	  ±	  0.1°	   37.9°	  ±	  0.8°	   38.6°	  ±	  0.6°	   37.9°	  ±	  0.8°	  
40LM	   37.7°	  ±	  0.5°	   37.6°	  ±	  0.3°	   41.2°	  ±	  1.2°	   38.8°	  ±	  1.9°	  
40RM	   38.5°	  ±	  0.3°	   38.6°	  ±	  0.6°	   38.8°	  ±	  0.7°	   38.7°	  ±	  0.5°	  
63RM	   34.5°	  ±	  0.1°	   34.3°	  ±	  0.3°	   33.6°	  ±	  1.0°	   34.1°	  ±	  0.6°	  
60LM	   23.9°	  ±	  0.1°	   23.6°	  ±	  0.3°	   24.0°	  ±	  0.3°	   23.8°	  ±	  0.2°	  
60RM	   35.1°	  ±	  0.2°	   35.3°	  ±	  0.4°	   36.4°	  ±	  1.4°	   35.6°	  ±	  0.9°	  
80RM	   18.4°	  ±	  0.2°	   18.8°	  ±	  0.6°	   19.6°	  ±	  1.1°	   18.9°	  ±	  0.9°	  
89RF	   31.4°	  ±	  0.5°	   31.9°	  ±	  0.4°	   29.3°	  ±	  1.7°	   30.9°	  ±	  1.5°	  
78LF	   49.2°	  ±	  0.5°	   48.4°	  ±	  0.5°	   45.2°	  ±	  3.4°	   47.6°	  ±	  2.5°	  
83LF	   26.6°	  ±	  0.5°	   26.2°	  ±	  0.3°	   28.6°	  ±	  1.5°	   27.1°	  ±	  1.4°	  
83RF	   20.2°	  ±	  0.4°	   20.2°	  ±	  0.3°	   19.3°	  ±	  1.3°	   19.9°	  ±	  0.9°	  
	  
Table	   12:	   Interobserver	   Difference,	   Ultrasound.	   	   This	   table	   displays	   the	  differences	  in	  torsion	  between	  the	  different	  observer	  pairs.	  	  Diff.	  Obs.	  ½	  is	  between	  Observer	  pair	  1	  and	  Observer	  pair	  2.	  
Specimen	   Diff.	  Obs.	  1/2	   Diff.	  Obs.	  2/3	   Diff.	  Obs.	  1/3	   Avg	  Diff.	  
40LM	   0.2°	   3.6°	   3.4°	   2.4°	  
40RM	   0.1°	   0.2°	   0.2°	   0.2°	  
60RM	   0.2°	   1.0°	   1.2°	   0.8°	  
63RM	   0.2°	   0.6°	   0.9°	   0.6°	  
78LF	   0.8°	   3.2°	   4.0°	   2.7°	  
60LM	   0.3°	   0.4°	   0.1°	   0.3°	  
80RM	   0.4°	   0.9°	   1.3°	   0.8°	  
83LF	   0.4°	   2.4°	   2.1°	   1.6°	  
62LM	   1.2°	   0.6°	   0.6°	   0.8°	  
62RM	   0.5°	   0.7°	   1.2°	   0.8°	  
83RF	   0.0°	   1.0°	   1.0°	   0.6°	  
89RF	   0.4°	   2.5°	   2.1°	   1.7°	  
	  
20.	  Measurement	  Comparison:	  
20.1	   Ultrasound	   vs.	   Morphologic-­Assessment	   Tubercle	   Method.	   	   The	  average	  difference	  between	  the	  torsion	  values	  of	  the	  ultrasound	  method	  and	  the	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Figure	  33:	  Ultrasound	  vs.	  Morphologic-­Assessment	  Tubercle	  Method,	  CT.	  	  Dots	  highlighted	   in	   red	   are	   considered	   part	   of	   the	   “Severe	   Pathology”	   cohort.	   	   The	  maximum	  difference	  is	  the	  red	  point	  at	  the	  bottom	  left	  of	  the	  graph.	  	  This	  is	  the	  arm	  that	  showed	  signs	  of	  distal	  fracture.	  	  
	  
Figure	   34:	   	   Ultrasound	   vs.	   Morphologic-­Assessment	   Tubercle	   Method,	   CT	  
(Healthy).	  	  This	  graph	  includes	  only	  arms	  from	  the	  “Heathly”	  or	  “Mild	  Osteoarthritis”	  cohort.	  	  Note	  that	  the	  correlation	  value	  is	  much	  greater	  for	  this	  sample.	  	  morphologic-­‐assessment	  tubercle	  method	  was	  5.2°	  and	  the	  range	  was	  1.0°	  to	  16.8°.	  	  When	  graphed,	  the	  R2	  value	  was	  0.354,	  which	  suggests	  a	  poor	  correlation	  between	  the	  two	  methods	  (Figure	  33).	  	  However,	  if	  arms	  exhibiting	  severe	  pathology	  (either	  severe	   OA	   or	   signs	   of	   altered	   bone	   morphology)	   were	   removed,	   the	   average	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difference	  is	  3.7°	  (range	  1.0°	  to	  9.8°),	  and	  the	  R2	  value	  increases	  to	  0.786,	  more	  than	  double	  the	  original	  value,	  which	  suggests	  a	  much	  stronger	  correlation	  (Figure	  34).	  	  
	   20.2	   Ultrasound	   vs.	   Landmark-­Specific	   Tubercle	   Method.	   	   The	   average	  difference	   between	   the	   torsion	   values	   from	   the	   ultrasound	   and	   the	   landmark-­‐specific	   tubercle	   CT	   assessment	   was	   5.4°	   (range	   1.2°	   to	   18.8°),	   which	   is	   slightly	  more	   than	   the	  morphologic	   assessment.	   	   The	   R2	   value	  was	   0.360,	   which	   is	   again	  higher,	   and	   yet,	   still	   suggests	   a	   weak	   correlation	   (Figure	   35).	   	   Again,	   however,	  removing	  data	  points	  with	  severe	  osteoarthritis	  or	  evidence	  of	  fracture,	  the	  average	  difference	  decreases	  to	  3.4°	  (range	  1.2°	  to	  4.9°),	  and	  the	  R2	  value	  increases	  to	  0.983.	  	  This	   suggests	   that	   excluding	   pathologically	   affected	   arms,	   the	   ultrasound	   and	  quantitative	  measures	  have	  a	  very	  strong	  correlation.	  	  
	  
Figure	   35:	   Ultrasound	   vs.	   Landmark-­Specific	   Tubercle	   Method,	   CT.	   	   The	   red	  dots	   represent	   data	   points	   for	   severely	   pathologic	   arms.	   	   The	   largest	   difference	  against	  belongs	  to	  the	  arm	  that	  exhibited	  distal	  fracture.	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Figure	  36:	  Ultrasound	  vs.	   Landmark-­Specific	  Tubercle	  Method,	  CT	   (Healthy).	  	  If	   arms	   that	   exhibited	   severe	  pathology	  are	   excluded,	   the	   correlation	  between	   the	  two	  torsion	  angle	  sets	  increases	  dramatically.	  
	  
	   20.3	  Ultrasound	  vs.	  Uniform	  Assessment.	  	  The	  average	  difference	  between	  the	  torsion	  values	  of	   the	  ultrasound	  method	  and	  the	  uniform	  assessment	  was	  4.5°	  (range	   1.2°	   to	   11.7°).	   	   This	   is	   lower	   than	   the	   quantitative	   method,	   although	   not	  statistically	   significant	   (P=0.136).	   	   The	   initial	   correlation	   value	   was	   0.558,	   which	  suggests	   a	   weak	   correlation.	   	   If	   the	   severely	   pathologic	   arms	   are	   removed,	   the	  average	  difference	  decreases	  to	  1.9°	   (range	  1.1°	   to	  3.1°),	  and	  the	  correlation	  value	  becomes	   0.964,	   suggesting	   a	   strong	   relationship	   between	   uniform	   assessment	  values	   and	   ultrasound	   values	   of	   torsion.	   	   Also,	   the	   (2,k)	   interclass	   correlation	  coefficient	  (ICC)	  for	  this	  data	  was	  0.82	  and	  the	  minimal	  detectable	  change	  was	  4.2°.	  	  The	  ICC(2,k)	  increased	  to	  0.95	  for	  healthy	  arms	  and	  decreased	  to	  0.56	  for	  pathologic	  arms,	   suggesting	   the	   correlation	   is	   better	   for	   the	   healthy	   arms	   than	   for	   the	  pathologic	  arms,	  as	  demonstrated	  graphically.	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Figure	   37:	   Ultrasound	   vs.	   Uniform-­Slice	   Tubercle	   Method,	   CT.	   	   Red	   dots	  represent	  arms	  that	  show	  severe	  pathology.	  	  It	  should	  be	  noted	  that	  this	  method	  has	  the	   lowest	   maximum	   difference	   and	   the	   greatest	   correlation	   value	   including	  pathologic	  arms.	  
	  
	  
Figure	   38:	   Ultrasound	   vs.	   Uniform	   Assessment	   (Healthy),	   CT.	   	   This	   figure	  represents	  only	  data	  points	  that	  belonged	  to	  the	  “Healthy”	  or	  “Mild	  Osteoarthritis”	  subsets.	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CHAPTER	  SEVEN:	  DISCUSSION	  	  
Discussion:	  
	   The	   purpose	   of	   this	   study	   was	   to	   contrast	   and	   compare	   torsion	   angle	  measurements	   made	   by	   two	   measurement	   modalities,	   CT	   and	   ultrasound,	   to	  determine	  the	  clinical	  relevance	  of	  the	  ultrasound	  technique.	  Our	  results	  show	  that	  the	  US	  provides	  comparable	  results	   if	   the	  CT	  Tubercle	  method	   is	  employed,	  and	   if	  the	  patient	  does	  not	  exhibit	  bony	  pathology.	  	   The	   first	   step	   towards	   this	   end	   was	   to	   measure	   the	   humeral	   torsion	   of	   a	  specimen	  population	  using	  the	  clinically	  acceptable	  computed	  tomography	  method	  via	   the	   bisector	   axis.	   	   The	   initial	   protocol	   called	   for	   a	   quantitative	   measurement	  system	   for	   slice	   selection	   similar	   to	   the	   Landmark-­‐Specific	   Tubercle	   Method,	  however,	  when	  selecting	  the	  proximal	  image	  set	  for	  each	  arm,	  it	  appeared	  that	  the	  articulation	  notches	  moved	  parallel	  to	  the	  midline	  of	  the	  humeral	  head	  meaning	  that	  the	   angle	   did	   not	   appear	   to	   change	   greatly	   from	   image	   to	   image.	   	   Therefore,	   the	  observers	  were	  asked	  to	  measure	  a	  torsion	  angle	  using	  all	  of	  the	  proximal	  slices	  for	  each	  arm	  to	  determine	  slice	  dependency.	  	   Table	  11	  demonstrates	  that	  after	  examination,	  the	  middle	  range	  of	  images	  for	  each	  set	  produced	  very	  similar	  angles.	  	  The	  greatest	  difference	  between	  the	  middle	  image	   and	   either	   of	   its	   immediately	   adjacent	   images	   was	   on	   the	   order	   of	   2°,	  regardless	  of	  pathology.	  	  This	  is	  corroborated	  by	  a	  gross	  examination	  of	  the	  humeral	  head,	   as	   the	   anatomical	   neck	   does	   not	   change	   in	   thickness,	   and	   the	   humeral	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articulation	   appears	   to	   be	   a	   consistent	   radius.	   	   However,	   the	   outer	   images	  occasionally	   had	   angle	   changes	   on	   the	   order	   of	   10°	   -­‐15°.	   	   To	   avoid	   using	   these	  outlying	  measurements,	  the	  median	  slice	  was	  used	  to	  measure	  the	  angle	  of	  torsion	  for	  the	  bisector	  axis.	   	  For	  the	  purpose	  of	  this	  paper,	  this	  angle	  was	  reported	  as	  the	  obtuse	   angle	   between	   the	   bisector	   and	   the	   epicondylar	   axis	   to	   keep	   with	   the	  rotational	   coordinate	   system	   developed	   here.	   	   Figure	   39	   demonstrates	   that	   if	   the	  bisector	   angle	   is	   reported	  as	   an	  obtuse	   angle,	   then	  both	   the	  bisector	   and	   tubercle	  angles	  will	  increase	  as	  the	  arm	  exhibits	  more	  anterotorsion.	  
	  
Figure	  39:	  Image	  overlay,	  Bisector	  and	  Tubercle	  Axes.	  	  The	  blue	  line	  represents	  the	   transepicondylar	   axis,	   which	   is	   the	   axis	   of	   neutral	   rotation.	   	   The	   red	   axis	  represents	   the	   tubercle	   axis.	   	   As	   the	   arm	   exhibits	   more	   anterotorsion,	   the	   angle	  represented	   by	   the	   red	   arrow	   becomes	   larger9.	   	   The	   green	   axis	   represents	   the	  bisector	   angle	   of	   torsion.	   	   As	   the	   arm	   exhibits	   more	   anterotosion,	   the	   angle	  represented	  by	  the	  green	  arrow	  also	  becomes	  larger22.	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Table	   13:	   	   Bisector	   Angle	   Slice	   Dependency.	   	   Note	   that	   there	   is	   a	   very	   small	  change	  in	  angle	  over	  the	  middle	  three	  slices	  for	  both	  arms	  regardless	  of	  the	  fact	  that	  62LM	  is	  a	  pathologic	  arm.	  
Specimen	   Proximal	  Slice	   Torsion	  Trial	  1	   Torsion	  Trial	  2	  
39	   142.6°	   147.0°	  
40	   145.5°	   149.8°	  
41	   146.3°	   146.2°	  
42	   146.0°	   148.0°	  
43	   143.7°	   146.0°	  
40RM	   44	   143.9°	   144.6°	  
160	   127.5°	   132.0°	  
161	   134.5°	   135.5°	  
162	   136.6°	   135.8°	  
163	   135.8°	   133.7°	  
164	   135.6°	   134.9°	  
165	   135.7°	   135.1°	  
62LM	   166	   134.3°	   134.6°	  	  	   The	  second	  step	  was	  to	  create	  a	  system	  of	  computed	  tomography	  measures	  that	  closely	  resembled	  the	  axes	  used	  in	  the	  ultrasound	  method	  and	  to	  establish	  the	  offset	   between	   humeral	   torsion	  measurements	   using	   the	   two	   coordinate	   systems,	  hence	  the	  CT	  Tubercle	  Assessment	  methods	  were	  born.	  	  Slice	  selection	  was	  initially	  based	   on	   the	   quality	   of	   the	  morphology,	   as	   this	   is	   consistent	   with	   slice	   selection	  process	   in	   the	   literature7,21.	   	   However,	   the	   interobserver	   difference	   for	   the	  morphologic	  assessment	  method	  was	  in	  excess	  of	  the	  clinically	  acceptable	  minimal	  detectable	  change	  angle	  (5.3°	  as	  opposed	  to	  5°	  according	  to	  clinicians	  at	  the	  Proaxis	  Therapy	   group).	   	   This	   meant	   that	   a	   new	   process	   was	   needed	   to	   determine	   slice	  selection.	  	  To	  remove	  the	  effects	  of	  observer	  selection	  error,	  which	  resulted	  in	  gaps	  in	  excess	  of	  5	  mm	  between	  selected	  slices	  in	  some	  cases,	  a	  quantitative	  system	  was	  developed	  to	  determine	  slice	  selection.	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   The	   quantitative	   means	   for	   selecting	   slices	   was	   called	   Landmark-­‐Specific	  Tubercle	  Torsion	  Assessment,	  as	  it	  used	  the	  axes-­‐defining	  landmarks	  to	  determine	  the	  optimal	  slice.	   	  The	   longest	   transepicondylar	  axis	  was	  chosen	  for	  the	  distal	  axis	  because	   the	   distal	   axis	   is	   defined	   by	   the	   lateral	   and	   medial	   extremities	   of	   the	  epicondyles.	   	  The	  greatest	  bicipital	  groove	  depth	  was	  chosen	  for	  the	  proximal	  axis	  because	   this	  was	   a	   rough	  estimate	  of	   the	   average	  height	  of	   the	   greater	   and	   lesser	  tubercles,	   the	   apexes	   of	   which	   determine	   the	   tubercle	   axis.	   	   Upon	   further	  assessment,	  it	  was	  determined	  that	  the	  bicipital	  groove	  depth	  alone	  was	  not	  a	  good	  predictor	   of	   the	   optimal	   slice,	   as	   in	   several	   arms	   one	   of	   the	   tubercles	   was	  significantly	   larger	   than	   the	   other	   in	   terms	   of	   height	   either	   due	   to	   an	   osteophyte,	  osteoarthritis	  or	  erosion	  of	  the	  lesser	  tubercle.	  	   Therefore,	   the	   final	   standard	   for	   choosing	   slices	   in	   this	   study	   was	   to	  determine	   the	   optimal	   image	   by	   taking	   the	   average	   groove	   depth	   measurement	  made	   by	   both	   observers,	   determining	   which	   slice	   exhibited	   the	   greatest	   average,	  and	   examining	   the	   slice	   to	   ensure	   that	   the	   groove	   depth	   was	   not	   a	   result	   of	  pathology.	  	  If	  the	  optimal	  slice	  showed	  poor	  groove	  definition,	  it	  was	  removed	  from	  contention,	   and	   the	   second	   place	   slice	   would	   be	   used	   for	   humeral	   torsion	  measurements.	   	   In	   the	   case	  of	   certain	  arms,	  no	   suitable	   slice	   could	  be	   selected,	   as	  they	   all	   exhibited	   severe	   pathology.	   	   In	   these	   cases,	   slices	   that	   exhibited	   groove	  floors	  with	  the	  least	  pathology	  were	  used	  for	  the	  optimal	  slice.	   	  This	  is	  the	  basis	  of	  slice	  selection	  for	  the	  Uniform-­‐Slice	  method.	  	  It	  should	  be	  noted	  that	  giving	  the	  two	  observers	   the	   same	   slices	   to	   measure	   torsion	   did	   not	   significantly	   decrease	   the	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interobserver	   difference,	   however,	   in	   some	   cases,	   the	   angle	   change	   between	  methods	  was	  significant.	  	   Upon	   further	   investigation,	   it	   was	   determined	   that	   this	   significant	   angle	  change	  between	  methods	  occurred	  only	  in	  arms	  where	  the	  slices	  differed	  between	  methods.	   	   Therefore,	   it	   was	   necessary	   to	   see	   exactly	   what	   kind	   of	   effect	   slice	  selection	   had	   on	   the	   torsion	   angle.	   	   In	   all	   three	   assessment	  methods,	   varying	   the	  proximal	   slice	   significantly	   altered	   the	  measured	   angle.	   	   In	   almost	   every	   case,	   the	  torsion	  angle	  appeared	  to	  increase	  from	  proximal	  to	  distal.	  	  This	  makes	  sense,	  as	  the	  three-­‐dimensional	  apexes	  of	   the	  greater	  and	   lesser	   tubercles	   fall	   in	  a	  plane	   that	   is	  not	  perpendicular	  to	  the	  central	  axis	  of	  the	  humeral	  shaft.	  	  The	  greater	  tubercle	  apex	  is	  distal	  to	  the	  lesser	  tubercle	  apex	  and	  elongated	  in	  comparison,	  which	  means	  that	  as	   the	   lesser	   tubercle	   slope	   decreases,	   the	   greater	   tubercle	   slope	   increases	   or	  remains	  constant.	   	  This	  effect	  is	  similar	  to	  the	  way	  that	  two	  offset	  sine	  waves	  have	  two	  separate	  peaks.	   	  It	   is	  curious	  to	  note	  that	  several	  arms	  exhibited	  a	  decrease	  in	  angle	  from	  proximal	  to	  distal	  or	  an	  increase	  to	  optimal	  and	  a	  decrease	  to	  distal,	  and	  also	   that	   the	   number	   of	   arms	   that	   exhibited	   these	   patterns	   changed	   between	  measurement	  methods.	   	  This	   leads	  to	  the	  conclusion	  that	  at	  some	  point,	   the	   lesser	  tubercle	   is	  no	   longer	  decreasing	  but	   the	  greater	   tubercle	   is.	   	  This	  makes	   sense,	   as	  mid-­‐shaft,	  the	  humerus	  is	  cylindrical	  and	  there	  are	  no	  signs	  of	  either	  tubercle.	  	   This	   significant	   angle	   change	   also	   makes	   association	   of	   the	   bisector	   and	  tubercle	   methods	   difficult	   to	   measure.	   	   The	   low	   correlation	   value	   (0.335)	  demonstrates	   that	   there	   is	   a	   poor	   relationship	   between	   the	   bisector	   angle	   and	   a	  tubercle	  angle	  measured	  on	  a	  slice	  selected	  by	  groove	  depth,	  which	  is	  supported	  by	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the	   mild	   correlation	   coefficient	   (0.78,	   (2,k)).	   	   Further	   studies	   are	   needed	   to	  determine	  this	  relationship.	  	  It	  is	  likely	  that	  there	  is	  a	  point	  at	  a	  percentage	  length	  of	  the	  bicipital	  groove	  where	  the	  tubercle	  angle	  is	  at	  a	  constant	  offset	  from	  the	  bisector	  angle	   across	   all	   humeri	   as	   it	   has	   been	   demonstrated	   that	   the	   tubercle	   angle	   is	  variable	   along	   the	   bicipital	   groove.	   	   This	   is	   corroborated	   by	   Myer	   et	   al	   who	  established	   that	   there	   was	   a	   mild	   correlation	   (R=0.797)	   between	   the	   Ultrasound	  Torsion	   angle,	   which	   uses	   the	   tubercle	   axis,	   and	   the	   Computed	   Tomography	  benchmark,	  which	  uses	  the	  bisector	  axis,	  but	  that	  there	  was	  more	  than	  30°	  of	  offset	  between	  the	  two	  angles	  on	  average.	  	   That	   being	   said,	   the	   ultrasound	   and	   CT	   Tubercle	  measurements	   appear	   to	  correlate	  very	  well	  for	  arms	  that	  do	  not	  exhibit	  pathology	  (ICC(2,k)=0.95).	  	  Myer	  et	  al	  previously	   established	   that	   there	   was	   a	   correlation	   (R=0.924)	   between	   the	  ultrasound	  method	  and	  the	  CT	  tubercle	  method.	   	   It	  should	  be	  noted	  that	  the	  angle	  used	  by	   the	  Myer	   study	  used	   the	   complement	   angle	   to	   the	  one	  used	   in	   this	   study	  (denoted	   by	   the	   omega	   symbol	   in	   Figure	   9),	   and	   that	   the	   offset	   between	   the	  ultrasound	  and	  CT	  angles	  in	  the	  Myers	  study	  was	  11°,	  nearly	  ten	  times	  the	  amount	  of	   offset	   between	   the	   angles	   measured	   in	   this	   study,	   suggesting	   that	   the	   angle	  measured	   in	   this	   study	   is	   more	   indicative	   of	   the	   torsion	   angle	   measured	   by	   the	  ultrasound	  technique.	  	   However,	   the	   correlation	   between	   the	   ultrasound	   and	   CT	   measurement	  angles	   decreased	   three-­‐fold	  when	   arms	  with	   severe	   pathology	  were	   included	   and	  that	   the	   ICC	  decrease	  by	  0.1	   from	  0.95	   to	  0.82.	   	  Pathologic	  arms	  had	  a	  correlation	  value	  (2,k)	  of	  0.56,	  almost	  half	   that	  of	   the	  healthy	  subset.	   	  This	   is	   likely	  due	  to	  the	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fact	  that	  osteoarthritis,	  the	  most	  common	  pathology,	  severely	  obscured	  the	  bicipital	  groove,	  making	   it	   difficult	   to	   identify	  which	  points	   should	  be	  used	  as	   the	   tubercle	  apexes	   in	   CT	   measurements.	   	   It	   should	   be	   noted	   that	   there	   was	   a	   significant	  decrease	   in	   the	   precision	   of	   measurements	   between	   the	   healthy	   and	   pathologic	  cohorts	   in	   the	   uniform-­‐slice	   tubercle	  method.	   	   Also,	   while	   the	   difference	  was	   not	  significant	  in	  the	  landmark	  specific	  or	  morphologic	  assessment	  methods,	  removing	  the	   pathologic	   arms	   increased	   the	   correlation	   by	  more	   than	   100%	   in	   both	   cases.	  	  Furthermore,	  in	  all	  three	  tubercle	  methods,	  the	  largest	  interobserver	  difference	  was	  manifested	   by	   an	   arm	   from	   the	   pathologic	   cohort,	   and	   the	   largest	   difference	  between	   the	  ultrasound	  method	  and	   the	  CT	  method	  was	   also	   always	   a	  pathologic	  arm.	   	   It	   should	   be	   note	   that	   specimen	   60LM	   showed	   evidence	   of	   an	   improperly	  healed	  fracture	  in	  the	  distal	  third	  of	  the	  humeral	  shaft.	  	  This	  fracture	  caused	  a	  15°	  to	  20°	  bend	   in	   the	  shaft,	  which	  coincides	  with	   the	  15°	   to	  20°	  difference	  between	   the	  ultrasound	   and	   CT	   tubercle	   method	   measurements.	   	   This	   difference	   can	   be	  explained	  by	  the	  altered	  geometry	  of	  the	  ultrasound	  measurement	  system.	  	  Because	  of	  the	  bend,	  the	  angle	  of	  forearm	  flexion	  appears	  to	  be	  90°,	  but	  it	  is	  in	  fact	  closer	  to	  110°.	  	  For	  this	  reason,	  this	  arm	  was	  excluded	  from	  the	  ICCs	  between	  methods.	  	   This	  does,	  however,	  expose	  the	  major	  limitation	  of	  the	  ultrasound	  method:	  it	  is	  a	  2-­‐dimensional	  method,	  unable	  of	  capturing	  distal	  pathology	  that	  may	  disrupt	  or	  alter	  the	  measurement	  system.	  	  By	  this	  account,	  ultrasound	  would	  be	  applicable	  to	  healthy	  arms	  only;	  patients	  would	  have	  to	  be	  screened	  for	  previous	  injury	  including	  osteoarthritis	   before	   application.	   	   For	   patients	  with	   severely	   pathology,	   especially	  distal	  pathology,	  the	  CT	  bisector	  method	  would	  be	  the	  most	  precise	  and	  repeatable	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measurement	  system,	  as	  there	  is	  an	  angle-­‐conserving	  portion	  in	  the	  median	  third	  of	  the	  groove.	  	   Also,	   since	   the	   ultrasound	   method	   (tubercle	   method)	   does	   not	   correlate	  highly	   with	   the	   bisector	   method,	   it	   is	   necessary	   to	   set	   a	   frame	   of	   reference	   for	  ultrasound	  methods.	  	  This	  is	  consistent	  with	  torsion	  measurement,	  as	  it	  is	  a	  relative	  measurement:	   each	   of	   the	   previously	   described	   methods	   (osteometrics,	   CT,	   and	  ultrasound)	   use	   a	   different	   axis,	   but	   all	   appear	   to	   measure	   bone	   morphology	  accurately;	   therefore,	   the	   measurement	   of	   torsion	   is	   relative	   to	   whatever	   axis	   is	  being	   measured.	   	   The	   suggestion	   of	   this	   paper	   is	   that	   the	   contralateral	   arm	   of	  subjects	  could	  be	  measured	  using	  the	  ultrasound	  technique	  to	  define	  a	  baseline	  with	  which	   to	  measure	   the	   retrotorsion	   on	   the	   dominant	   arm	   since	   the	   non-­‐dominant	  arm	  is	  not	  significantly	  different	  in	  torsion	  angle	  than	  “normal”	  adult	  morphology7,27.	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CHAPTER	  EIGHT:	  LIMITATIONS	  	  
Limitations:	  	   The	  main	  limitation	  of	  the	  study	  was	  the	  small	  specimen	  population,	  of	  which,	  more	   than	   half	   were	   afflicted	   by	   some	   kind	   of	   osteoarthritis	   or	   morphologic	  pathology.	  	  This	  means	  that	  the	  correlation	  between	  the	  ultrasound	  and	  CT	  methods	  was	   dependent	   on	   arms	   that	   exhibited	   severe	   pathology	   and	   had	   poor	   bicipital	  groove	  depth	  in	  order	  to	  have	  any	  statistical	  power.	  	  This	  also	  limited	  the	  power	  of	  the	   significance	   testing	   in	   several	   cases.	   	   For	   example,	   there	   was	   a	   difference	  between	   the	   variance	   of	   the	   Landmark-­‐Specific	   Tubercle	   Method	   and	   the	  Morphologic	  Assessment	  Tubercle	  Method	  and	  a	  low	  p-­‐value	  (0.06),	  but	  it	  was	  not	  low	  enough	  to	  be	  significant.	  	  If	  there	  were	  more	  arms,	  especially	  more	  healthy	  arms,	  there	   is	   a	   high	   probability	   that	   this	   number	  would	   be	  more	   definitive.	   	   The	   same	  goes	   for	   the	  Landmark	  Specific	  variance	  of	  difference	   for	   the	  pathologic	  arms	  and	  the	  healthy	  arms	  (p=0.09).	  	  Future	  work	  will	  require	  a	  larger	  and	  hopefully	  healthier	  cohort.	  	   Another	   limitation	   to	   this	   study	   was	   the	   measurement	   resolution.	   	   The	  original	   CT	   resolution	   was	   on	   the	   order	   of	   2	   mm,	   which	   is	   only	   one	   order	   or	  magnitude	   larger	   than	   the	   shaft	   radius	   (11mm).	   	   Additionally,	   the	   realignment	  procedure	   lowered	   the	   resolution	   even	   further	   and	   in	   some	   cases,	   dulled	   or	  darkened	  the	  images.	  	  An	  increase	  in	  the	  slice	  thickness	  resolution	  would	  be	  useful	  in	   determining	   how	   the	   humeral	   torsion	   angle	   changes	   along	   the	   entirety	   of	   the	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groove	  and	  to	  determine	  where	  the	  bicipital	  tubercle	  angle	  and	  the	  bisector	  angler	  are	  at	  a	  constant	  offset.	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CHAPTER	  NINE:	  FUTURE	  WORK	  	  
Future	  Work:	  	   The	  next	  step	  in	  this	  study	  is	  to	  determine	  the	  effect	  of	  torsion	  on	  the	  range	  of	  motion	  of	  the	  cadaver	  population	  and	  to	  see	  if	  this	  range	  of	  motion	  is	  consistent	  with	   the	   literature.	   	  To	   further	  examine	  the	  effect	  of	   torsion	  on	  range	  of	  motion,	  a	  midshaft	   osteotomy	  will	   be	   performed,	   and	   a	   bone	   plate	  will	   be	   fixed	   to	   the	   two	  halves	  of	  the	  bones	  shaft	  to	  set	  them	  at	  a	  known	  offset	  from	  neutral	  position.	   	  The	  arms	  will	  then	  be	  tested	  to	  see	  if	  the	  range	  of	  motion,	  especially	  maximum	  internal	  and	  external	  rotation	  changes	  if	  only	  the	  osseous	  component	  of	  torsion	  changes.	  	   A	  parallel	   study	  will	   be	   run	  on	   the	  arm	   to	   examine	   the	  effect	  of	   torsion	  on	  joint	   strain.	   	   Linear	  potentiometers	  will	   be	   attached	   to	   suture	   lines	   across	   the	  GH	  joint	  capsule	  in	  the	  anterior	  inferior	  and	  posterior	  inferior	  quadrants	  and	  also	  to	  the	  biceps	  tendon	  to	  see	  if	  increasing	  torsion	  increases	  the	  strain	  on	  a	  certain	  portion	  of	  the	  joint	  labrum.	  	  This	  portion	  of	  the	  study	  will	  also	  determine	  where	  the	  strain	  of	  range	  of	  motion	  activities	  is	  manifested	  in	  the	  shoulder	  joint.	  	   Aside	   from	   this,	   it	   will	   be	   important	   to	   make	   the	   correlation	   between	   the	  bisector	   angle	   and	   the	   tubercle	   angle,	   otherwise,	   the	   ultrasound	   data	   cannot	   be	  properly	  validated.	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CHAPTER	  TEN:	  CONCLUSION	  	  
Conclusion:	  	   It	   is	   the	   belief	   of	   this	   paper	   that	   the	   novel	   ultrasonographic	   technique	   is	  precise	   enough	   to	   be	   used	   as	   a	   first	   response	   tool.	   	   It	   may	   be	   used	   to	   measure	  athletes	   in	   the	   field	   that	  exhibit	  healthy	  morphology,	   as	   it	   is	   lightweight,	  portable,	  and	   does	   not	   use	   ionizing	   radiation.	   	   As	   it	   is	   highly	   correlated	   to	   the	   Tubercle	  Method,	  it	   is	  an	  accurate	  predictor	  of	  bony	  morphology,	  even	  if	  this	  morphology	  is	  not	  the	  same	  as	  the	  benchmark	  study.	  	  Future	  work	  will	  need	  to	  be	  done	  to	  correlate	  the	   bisector	   angle	   and	   the	   tubercle	   angle,	   and	   standardization	   of	   the	   ultrasound	  probe	  along	  a	  percentage	  length	  of	  the	  proximal	  humerus	  is	  recommended.	  	   To	   measure	   pathologic	   arms,	   or	   to	   clinically	   diagnose	   patients	   with	  retrotorsion,	  it	  is	  recommended	  that	  the	  CT	  Bisector	  Method	  be	  used.	  	  It	  is	  far	  more	  precise	  with	  pathologic	  arms	  and	  is	  not	  as	  privy	  to	  slice	  selection	  dependence	  as	  the	  other	  methods	  are.	  	  It	  is	  also	  a	  3-­‐dimensional	  tool,	  capable	  of	  grasping	  the	  entirety	  of	  the	  humeral	  morphology	  in	  a	  patient.	  	  The	  data	  must	  be	  realigned	  to	  a	  neutral	  axis	  for	   the	  purpose	  of	   standardization;	   choosing	   slices	   based	  on	   their	   quality	   is	   not	   a	  proper	  way	  of	  selecting	  slices,	  as	  it	  will	  lead	  to	  higher	  variance	  between	  specimens	  and	  lower	  measurement	  precision.	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